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CATALYST DEGRADATION DETERMINTNG 

INCORPORA TION BY REFERENCE 
[0001] The disclosure of Japanese Patent Application No. 2002-201544 filed on 
July 10, 2002, including the specification, drawings and abstract is incorporated herein by 
reference in its entirety. 

BACKGROU N P OF THE T NYEN T ION 

1. Field of Invention 

[0002] The invention relates to a catalyst degradation determining method for 
determining whether a catalyst disposed in an exhaust passage of an internal combustion 
engine has degraded. 

2. Description of Related Art 

[0003] A known three-way catalyst (in this specification, sometimes referred to 
simply as "catalyst") for controlling exhaust gas from an internal combustion engine is 
disposed in an exhaust passage of the internal combustion engine. The three-way catalyst 
performs the function of oxidizing unbumed components (HC, CO) (oxidizing function), and 
the function of reducing nitrogen oxides (NOx) (reducing function), and is able to 
substantially remove harmful components, including unbumed components and nitrogen 
oxides mentioned above, due to the oxidizing and reducing fimctions. 

[0004] The efficiency of removal of harmful components by the oxidizing and ^ 
reducing functions of the catalyst is known to rise as the air-fuel ratio of the internal 
combustion engine approaches a stoichiometric air-fuel ratio. If the air-fuel ratio of the 
internal combustion engine is kept within a predetermined range (hereinafter, referred to as 
"window range") that contains the stoichiometric air-fuel ratio, the removal efficiency can be 
kept at or above a predetermined high value. 

[0005] The three-way catalyst further has the function of oxidizing unbumed 
components, such as HC, CO, etc., with oxygen released firom the catalyst if the exhaust gas 
coming into the three-way catalyst has a fuel rich-side air-fuel ratio (oxygen releasing 
function), and the function of storing oxygen released from nitrogen oxides (NOx) if the 
incoming exhaust gas has a fuel lean-side air-fuel ratio (oxygen storing function). Due to the 
oxygen releasing and storing functions, the three-way catalyst is able to substantially remove 
harmful components including unbumed components and nitrogen oxides mentioned above. 
Therefore, the emissions control capability of the three-way catalyst increases with increases 
in the maxinium value of the amount of oxygen storable in the three-way catalyst. 
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Hereinafter, the amount of oxygen storable in the three- way catalyst will be referred to as 
"oxygen storage amount", and the maxinium value thereof will be referred to as "maximum 
oxygen storage amount", 

[0006] The catalyst degrades due to heat given to the catalyst or the poisoning by 
lead, sulfur and the like contained in fuel. As the degradation of the catalyst progresses, the 
maximum oxygen storage amount decreases. Therefore, if the maximum oxygen storage 
amount of the catalyst is estimated, it becomes possible to determine whether the catalyst has 
degraded on the basis of the estimated maximum oxygen storage amount. It is to be 
understood that "storage" used herein means retention of a substance (solid, liquid, gas 
molecules) in the form of at Jeast one of adsorption, adhesion, absorption, trapping, 
occlusion, and others, 

[0007] A catalyst degradation degree detecting apparatus disclosed in Japanese 
Patent Application Laid-Open Publication No. 5-133264 is provided on the basis of the 
aforementioned finding. That is, the air-fuel ratio of the internal combustion engine is 
forcibly changed from a fuel-lean air-fuel ratio to a predetermined fuel-rich air-fuel ratio (or 
from a fiiel-rich air-fuel ratio to a predetermined fuel -lean air-fuel ratio). On the basis of a 
corresponding change in the output of the air-fuel ratio sensor disposed downstream of the 
catalyst, the maximum oxygen storage amount of the catalyst is estimated. A degree of 
degradation of the catalyst is detected on the basis of the estimated maximum oxygen storage 
amount. 

[0008] More specifically, the disclosed apparatus first sets the oxygen storage 
amount at the maximum oxygen storage amount by controlling the upstream-of-catalyst air- 
fuel ratio to a lean-side air-fuel ratio, and then controls the air-fiiel ratio of the catalyst to a 
predetermined rich-side air-fuel ratio. By multiplying the time elapsing until the oxygen 
storage amount of the catalyst reaches "0" and the output of the air-fuel ratio sensor disposed 
downstream of the catalyst changes to a rich side (hereinafter, the time point of the output of 
the air-ftiel ratio changing to the rich side will be referred to as "the time of air-fiiel ratio 
sensor output rich-side switch") by the amount of oxygen released (consumed) in the catalyst 
per unit time, the apparatus estimates a maximum oxygen storage amount (hereinafter, this 
estimation method is referred to as "rich air-fuel ratio-based estimation method"). In another 
method, the upstream-of-catalyst air-fuel ratio is controlled to a rich air-fuel ratio so as to set 
the oxygen storage amount of the catalyst at "0". After that, the upstream-of-catalyst air-fuel 
ratio is controlled to a predetermined lean-side air-fuel ratio. By multiplying the time 
elapsing until the oxygen storage amount of the catalyst reaches or exceeds the maximum 



oxygen storage amount and the output of the air-fuel ratio sensor disposed downstream of the 
catalyst changes to the lean side (hereinafter, the time point of the output of the air-fuel ratio 
changing to the lean side will be referred to as "the time of air-fuel ratio sensor output lean- 
side switch") by the amount of oxygen inflow to the catalyst per unit time, a maximum 
oxygen storage amount is estimated (hereinafter, this estimation method is referred to as 
"lean air-fuel ratio-based estimation method"). That is, this apparatus determines a maximum 
oxygen storage amount by using at least a change in the output of the air-fuel ratio sensor 
disposed downstream of the catalyst, and the predetermined lean air-fiiel ratio or the 
predetermined rich air-fuel ratio in, for example, a case where there is a need to estimate the 
maximum oxygen storage amount again, or the like. 

[0009] If the maximum oxygen storage amount of the catalyst is estiniated by the 
rich air-fiiel ratio-based estimation method, supply of a mixture of the predetermined rich air- 
fuel ratio is continued until the aforementioned air-fuel ratio sensor output rich-side switch 
occurs. In this case, as the maximum oxygen storage amount of the catalyst is estimated at 
the time of the air-fuel ratio sensor output rich-side switch, it is no longer necessary to keep 
the upstream-of-catalyst air-fuel ratio at an air-fuel ratio that is rich of the stoichiometric air- 
fuel ratio. If the upstream-of-catalyst air-fiiel ratio is kept rich of the stoichiometric air-fuel 
ratio immediately after the air-fiiel ratio sensor output rich-side switch, unbumed 
components, such as CO, HC and the like, are readily discharged since the oxygen storage 
amount of the catalyst is "0" and the oxygen releasing fiinction of the catalyst is not effective. 
Therefore, after the air-fiiel ratio sensor output rich-side switch occurs, it is preferable to set 
the upstream-of-catalyst air-fiiel ratio at the stoichiometric air-fiiel ratio or set the upstream- 
of-catalyst air-fuel ratio at an air-fuel ratio that is lean of the stoichiometric air-fuel ratio. 

[0010] However, at the time of air-fuel ratio sensor output rich-side switch, a space 
defined by the catalyst and the exhaust passage from the exhaust port of the internal 
combustion engine to the air-fuel ratio sensor disposed downstream of the catalyst is filled 
with a gas having a predetermined rich air-fuel ratio. If in this case, the predetermined rich 
air-fuel ratio is considerably below a lower limit value of the aforementioned window rzuige, 
unburned components contained in the gas filling the aforementioned exhaust passage and the 
like, that is, CO, HC, etc., are great in amount. Furthermore, since the oxygen releasing 
function of the catalyst is not effective and the efficiency of removal of unbumed CO, HC by 
the oxidizing function of the catalyst is low, large amounts of unbumed CO and HC are 
emitted into the atmosphere immediately after the air-fuel ratio sensor output rich-side switch 
occurs although the upstream-of-catalyst air-fuel ratio immediately following the air-fuel 



ratio sensor output rich-side switch is set at the stoichiometric air-fuel ratio or an air-fuel ratio 
lean of the stoichiometric air-fiiel ratio. 

[0011] Therefore, if the maximum oxygen storage amount of the catalyst is 
estimated by the rich air-fuel ratio-based estimation method, it is preferable to set the 
aforementioned rich air-fuel ratio at an air-fuel ratio that is rich of the stoichiometric air-fuel 
ratio and that is equal to or higher than the lower limit value of the window range in order to 
lessen the amount of unbumed CO, HC emitted immediately after the air-fuel ratio sensor 
output rich-side switch occurs. 

[0012] Similarly, if the maximum oxygen storage amount of the catalyst is 
estimated by the lean air-fuel ratio-based estimation method, the supply of a mixture having 
the aforementioned predetermined lean air-fuel ratio is continued until the air-fuel ratio 
sensor output lean-side switch occurs. In this case, as the maximuni oxygen storage amount 
of the catalyst is estimated at the time of the air-fuel ratio sensor output lean-side switch, it is 
no longer necessary to keep the upstream-of-catalyst air-fuel ratio at an air-fuel ratio that is 
lean of the stoichiometric air-fiiel ratio. If the upstream-of-catalyst air-fuel ratio is kept lean 
of the stoichiometric air-fuel ratio immediately after the air-fuel ratio sensor output lean-side 
switch occurs, nitrogen oxides NOx are likely to be emitted since the oxygen storage amount 
of the catalyst has reached the maximum oxygen storage amount and the oxygen storing 
function of the catalyst is not effective. Therefore, after the air-fuel ratio sensor output lean- 
side switch occurs, it is preferable to set the upstream-of-catalyst air-fuel ratio at the 
stoichiometric air-fiiel ratio, or set the upstream-of-catalyst air-fuel ratio at an air-fiiel ratio 
that is rich of the stoichiometric air-fuel ratio in, for example, a case where there is a need to 
estimate the maximum oxygen storage amount again, or the like. 

[0013] However, at the time of air-fiiel ratio sensor output lean-side switch, the 
space defined by the catalyst and the exhaust passage from the exhaust port of the internal 
combustion engine to the air-fuel ratio sensor disposed downstream of the catalyst is filled 
with a gas having a predetermined lean air-fuel ratio. If in this case, the predetermined lean 
air-fuel ratio is considerably above an upper limit value of the aforementioned window range, 
nidrogen oxides NOx contained in the filling gas are great in amount. Furthermore, since the 
oxygen storing fimction of the catalyst is not effective and the efficiency of removal of 
nitrogen oxides NOx by the reducing fiinction of the catalyst is low, a large amount of 
nitrogen oxides NOx is emitted into the atmosphere immediately after the air-fiiel ratio sensor 
output lean-side switch occurs although the upstream-of-catalyst air-fuel ratio immediately 
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following the air-jfuel ratio sensor output lean-side switch is set at the stoichiometric air-fuel 
ratio or an air-fuel ratio that is rich of the stoichiometric air-fuel ratio. 

[0014] Therefore, if the maxinium oxygen storage amount of the catalyst is 
estimated by the lean air-fuel ratio-based estimation method, it is preferable to set the 
aforementioned lean air-fuel ratio at an air-fuel ratio that is lean of the stoichiometric air-fiiel 
ratio and that is equal to or lower than the higher limit value of the window range in order to 
lessen the amount of nitrogen oxides NOx emitted inunediately after the air-fuel ratio sensor 
output lean-side switch occurs. 

[0015] It is known that as the degradation of the catalyst progresses, the maximum 
oxygen storage amount decreases, and moreover, the efficiency of removal of harmful 
components by the oxidizing and reducing functions of the catalyst with respect to a fixed 
air-fuel ratio (oxidizing/reducing capability) decreases, and the window range of the catalyst 
narrows. It is also known that the efficiency of removal of harmful components by the 
oxidizing and reducing functions of the catalyst with respect to a fixed air-fuel ratio and the 
window range of the catalyst also change depending on the temperature of the catalyst. 

[0016] Therefore, if the maximum oxygen storage amount of the catalyst is 
estimated by the rich air-fuel ratio-based estimation method or the lean air-fuel ratio-based 
estimation method while using the assumption that the window range is constant, and that the 
predetermined rich air-fiiel ratio is a constant air-fuel ratio which is within the window range 
and near tihe lower limit value of the window range, or that the predetermined lean air-fuel 
ratio is a constant air-fuel ratio which is within the window range and near the upper limit 
value of the window range, the following problem may occur. That is, as the degradation of 
the catalyst progresses, the predetermined rich air-fuel ratio or the predetermined lean air-fuel 
ratio becomes an air-fiiel ratio that is outside the window range, and it becomes impossible to 
lessen the amount of harmful components emitted immediately after the switch of the output 
of the downstream-of-catalyst air-fuel ratio sensor occurs. 

[0017] The amount of harmful components emitted immediately after the switch of 
the output of the downstream-of-catalyst air-fuel ratio sensor occurs can be lessened if the 
predetermined rich air-fuel ratio or the predetermined lean air-fiiel ratio is set beforehand at 
an air-fuel ratio that is near the stoichiometric air-fuel ratio. However, this measure creates a 
problem of a prolonged time elapsing from the beginning of control of the upstream-of- 
catalyst air-fiiel ratio to the predetermined rich air-fuel ratio or lean air-fuel ratio to the switch 
of the output of the downstream-of-catalyst air-fuel ratio sensor (i.e., a prolonged period 
results for calculation of the maximum oxygen storage amount of the catalyst). 
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SUMMARY OF T^E INVENTION 

[0018] Accordingly, a catalyst degradation determining method capable of 
minimizing the emission of harrnful components, and estimating a maximum oxygen storage 
amount of a catalyst within a relatively short period of time, and determining whether the 
catalyst has degraded on the basis of the maximum oxygen storage amount is provided as an 
embodiment of the invention. 

[0019] In order to achieve the aforementioned object, a catalyst degradation 
determining mettiod in accordance with a first aspect of the invention applied to an emission 
control apparatus of an internal combustion engine that includes a catalyst disposed in an 
exhaust passage of the internal combustion engine, and a downstream-of-catalyst air-fuel 
ratio sensor disposed in the exhaust passage downstream of the catalyst is constructed as 
follows. First, an oxidizing-reducing capability index value that changes in accordance with 
a degree of an oxidizing-reducing capability of the catalyst is acquired, and an upstream-of- 
catalyst air-jfuel ratio occurring upstream of the catalyst is controlled to an air-fuel ratio that is 
lean of a stoichiometric air-fuel ratio so that the catalyst stores oxygen in the catalyst up to a 
maximum storage amount of oxygen. 

[0020] Then, the upstream-of-catalyst air-fuel ratio is controlled to a rich air-fuel 
ratio that is rich of the stoichiometric air-fiiel ratio and that has a value that is determined in 
accordance with the oxidizing-reducing capability index value, until a time point when an 
output of the downstream-of-catalyst air-jfiiel ratio sensor indicates an air-fuel ratio that is 
rich of the stoichiometric air-fuel ratio. A max;imum oxygen storage amount of the catalyst is 
estimated by taking into account the value of the rich air-fuel ratio to which the upstream-of- 
catalyst air-fuel ratio was controlled. That is, the maximum oxygen storage amount of the 
catalyst is estimated on the basis of the amount of oxygen released (consumed) due to gas of 
the rich air-fuel ratio. 

[0021] Then, it is determined whether the catalyst has degraded based on the 
estimated maximum oxygen storage amount of the catalyst. The aforementioned "oxidizing- 
reducing capability index value'* is preferably a degradation index value that changes in 
accordance with the degree of catalyst degradation or a value that changes in accordance with 
the catalyst temperature. It is also preferable that the oxidizing-reducing capability index 
value be a value based on the maximum oxygen storage amount of the catalyst estimated by 
the above-described method. However, these examples are not restrictive. For example, the 
oxidizing-reducing capability index value niay be a ratio between the length of a locus of the 
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output of an air-fiiel ratio sensor disposed upstream of the catalyst and the length of a locus of 
the output of the air-fuel ratio sensor disposed downstream of the catalyst (locus ratio). 

[0022] TTierefpre, the value of the aforementioned rich air-fuel ratio can be changed 
in accordance with the degree of the oxidizing-reducing capability of the catalyst (e.g., the 
degree of degradation of the catalyst) indicated by the oxidizing-reducing capability index 
value. Furthermore, as naentioned above, the window range of the catalyst narrows as 
degradation of the catalyst progresses. Therefore, for example, the aforementioned rich air- 
fiiel ratio can be kept at an air-fuel ratio that is within the window range of the catalyst and 
that is near the lower limit value of the window range, regardless of the degree of degradation 
of the catalyst. 

[0023] As a result, the efficiency of removal of unbumed components, such as CO, 
HC, etc., based on the oxidizing function of the catalyst immediately after the time point at 
which the output of the downstream-of-catalyst air-fuel ratio sensor indicates an air-fuel ratio 
that is rich of the stoichiometric air-fuel ratio is kept at or above a predetermined high 
efficiency value, and therefore the amount of CO and HC emitted immediately after the 
aforementioned time point can be minimized. Furthermore, since the aforementioned rich 
air-fuel ratio is set at an air-fuel ratio that is as remote from the stoichiometric air-fuel ratio as 
possible, the period for calculating the inaximum oxygen storage amount of the catalyst can 
be reduced, in comparison widi a case where the rich air-fuel ratio is pre-set at a rich air-ifuel 
ratio that is near the stoichiometric air-fuel ratio. 

[0024] In order to control exhaust gas immediately following a startup of an internal 
combustion engine and further improve the emissions control capability following a complete 
engine warm-up, a construction is sometimes adopted in which a first catalyst having a 
relatively small capacity, generally termed start converter, is disposed in an exhaust passage 
of the internal combustion engine, and a second catalyst having a relatively large capacity, 
generally termed under-floor converter, is disposed in the exhaust passage downstream of the 
first catalyst. Since the first catalyst is disposed at a position closer to an exhaust port of the 
engine than the position of the second catalyst in this construction, the first catalyst receives 
relatively high temperature exhaust gas. Therefore, the first catalyst is warmed up and 
exhibits good emissions control performance within a short period of time following the 
startup of the engine The second catalyst, on the other hand, requires a longer time before 
being warmed up than the first catalyst. However, after being wanned up, the second catalyst 
exhibits excellent emissions control performance due to its large capacity. 



[0025] In accordance with an embodiment of another aspect of the invention, there 
is provided a catalyst degradation determining method as described below. In a catalyst 
degradation determining method applied to an emission control apparatus of an internal 
combustion engine that includes: a first catalyst disposed in an exhaust passage of the 
internal combustion engine; a downstream-of-first catalyst air-fuel ratio sensor disposed in 
the exhaust passage downstream of the first catalyst; a second catalyst disposed in the exhaust 
passage downstream of the downstream-of-first catalyst air-fiiel ratio sensor; and a 
downstream-of-second catalyst air-fuel ratio sensor disposed in the exhaust passage 
downstream of the second catalyst, an oxidizing-reducing capability index value that changes 
in accordance with at least one of a degree of an oxidizing-reducing capability of the first 
catalyst and a degree of an oxidizing-reducing capability of the second catalyst is acquired. 
Furthermore, an upstream-of-first catalyst air-fuel ratio occurring upstream of the first 
catalyst is controlled to an air-fuel ratio that is lean of a stoichiometric air-fuel ratio so that 
the first catalyst stores oxygen in the first catalyst up to a maximum oxygen storage amount 
of the first catalyst and the second catalyst stores oxygen in the second catalyst up to a limit 
of possible oxygen storage of the second catalyst. 

[0026] Then, the upstream-of-first catalyst air-fuel ratio is controlled to a first rich 
air-fuel ratio that is rich of the stoichiometric air-fuel ratio, until a time point when an output 
of the downstream-of-first catalyst air-fuel ratio sensor indicates an air-fuel ratio rich of the 
stoichiometric air-fuel ratio. After that, the upstream-of-first catalyst air-fuel ratio is 
controlled to a second rich air-fuel ratio that is rich of the stoichiometric air-fuel ratio and that 
has a value that is determined in accordance with the oxidizing-reducing capability index 
value, until a time point when £m output of the downstream-of-second catalyst air-fuel ratio 
sensor indicates an air-fiiel ratio that is rich of the stoichiometric air-fuel ratio. 

[0027] A maximum oxygen storage amount of the first catalyst is estimated by 
taking into account the first rich air-fuel ratio to which the upstream-of-first catalyst air-fuel 
ratio was controlled. That is, the maximum oxygen storage amount of the first catalyst is 
estimated on the basis of the amount of oxygen released (consumed) due to gas of the first 
rich air-fuel ratio. Furtherpiore, a maximum oxygen storage amount of the second catalyst is 
estimated by taking into account the value of the second rich air-fuel ratio to which the 
upstream-of-first catalyst air-fuel ratio was controlled. That is, the maximum oxygen storage 
amount of the second catalyst is estimated on the basis of the amount of oxygen released 
(consumed) due to gas of the second rich air-fuel ratio. 



[0028] It is determined whether at least one of the first catalyst, the second catalyst 
and a catalyst device that includes the first catalyst and the second catalyst has degraded 
based on at least one of the estimated maxinium oxygen storage of the first catalyst and the 
estimated maximum oxygen storage of the second catalyst. 

[0029] In this catalyst degradation determining method, it is preferable to adopt a 
construction in which an arbitrary one or at least one of the following determining operations 
is performed: determination as to whether the first catalyst has degraded on the basis of the 
estimated maximum oxygen storage amount of the first catalyst; determination as to whether 
the second catalyst has degraded on the basis of the estimated maximum oxygen storage 
amount of the second catalyst; determination as to whether the first catalyst has degraded on 
the basis of the estimated maximum oxygen storage amount of the first catalyst, as well as 
determination as to whether the second catalyst has degraded on the basis of the estimated 
maximum oxygen storage amount of the second catalyst; and determination as to whether the 
catalyst device that includes the first catalyst and the second catalyst has degraded on the 
basis of the estimated maximum oxygen storage amount of the first catalyst and the estimated 
maximum oxygen storage amount of the second catalyst, 

[0030] Therefore, the time point at which the oxygen stored in the first catalyst is 
completely consumed can be reliably detected on the basis of a change in the output of the 
downstream-of-first catalyst air-fuel ratio sensor, so that tiie maximum oxygen storage 
amount of the first catalyst can be estimated with good precision. Furthermore, the time 
point at which the oxygen stored in the second catalyst is completely consumed can be 
reliably detected on the basis of a change in the output of the downstream-of-second catalyst 
air-fuel ratio sensor, so that the maximum oxygen storage amount of the second catalyst can 
be estimated with good precision. 

[0031] Furthermore, the second rich air-fuel ratio can be changed in accordance 
with the degree of the oxidizing-reducing capability of the first catalyst and/or the degree of 
the oxidizing-reducing capability of the second catalyst (e.g., the degree of degradation of the 
first catalyst and/or the degree of degradation of the second catalyst) indicated by the 
oxidizing-reducing capability index value. Also, as mentioned above, the window range of 
each of the first and second catalysts narrows with progression of degradation of the 
corresponding one of the catalysts. Therefore, for example, the second rich air-fuel ratio can 
be kept at an air-fuel ratio that is within the window range of the catalyst device formed by 
the first and second catalysts and that is near the lower limit value of the window range, 
regardless of the degrees of degradation of the first and second catalysts. 
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[0032] As a result, the efficiency of removal of unbumed components, such as CO, 
HC, etc., based on the oxidizing function of the catalyst device immediately after the time 
point at which the output of the downstream-of-second catalyst air-fuel ratio sensor indicates 
an air-fuel ratio that is rich of the stoichiometric air-fuel ratio is kept at or above a 
predetermined high efficiency value, and therefore the amount of CO and HC emitted 
immediately after the aforementioned time point can be minimized. Furthermore, since the 
aforementioned second rich air-fuel ratio is set at an air-fuel ratio that is as remote from the 
stoichiometric air-fuel ratio as possible, the period for calculating the maximum oxygen 
storage amount of the second catalyst (i.e,, the maximum oxygen storage amount calculation 
period for the first and second catalysts) can be reduced, in comparison with a case where the 
second rich air-fuel ratio is pre-set at a rich air-fuel ratio that is near the stoichiometric air- 
fuel ratio. 

[0033] In accordance with an embodiment of still another aspect of the invention, 
there is provided a catalyst degradation determining method as described below. In a catalyst 
degradation determining method applied to an emission control apparatus of an internal 
combustion engine that includes: a catalyst disposed in an exhaust passage of the internal 
combustion engine; and a downstream-of-catalyst air-fiiel ratio sensor disposed in the exhaust 
passage downstream of the catalyst^ an oxidizing-reducing capability index value that 
changes in accordance with a degree of an oxidizing-reducing capability of the catalyst is 
acquired. Furthermore, an upstream-of-catalyst air-fuel ratio occurring upstream of the 
catalyst is controlled to ah air-fuel ratio that is rich of a stoichiometric air-fuel ratio so that 
the catalyst completely releases oxygen stored in the catalyst. 

[0034] Then, the upstream-of-catalyst air-ftiel ratio is controlled to a lean air-fuel 
ratio that is lean of the stoichiometric air-fuel ratio and that has a value that is determined in 
accordance with the oxidizing-reducing capability index value, until a time point when an 
output of the downstream-of-catalyst air-fuel ratio sensor indicates an air-fuel ratio that is 
lean of the stoichiometric air-fuel ratio. A maximum oxygen storage amount of the catalyst is 
estimated by taking into account the value of the lean air-fuel ratio to which the upstream-of- 
catalyst air-fuel ratio was controlled. That is, the maximum oxygen storage amount of the 
catalyst is estimated on the basis of the amount of oxygen present in the gas of the 
aforementioned lean air-fuel ratio. 

[0035] It is determined whether the catalyst has degraded based on the estimated 
maximum oxygen storage amount of the catalyst. The aforementioned "oxidizing-reducing 
capability index value" is preferably a degradation index value that changes in accordance 
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with the degree of catalyst degradation or a value that changes in accordance with the catalyst 
temperature. It is also preferable that the oxidizing-reducing capability index value be a 
value based on the maximum oxygen storage amount of the catalyst already estimated by the 
above-described method. However, these examples are not restrictive. For example, the 
oxidizing-reducing capability index value may be a ratio between the length of a locus of the 
output of an air-fuel ratio sensor disposed upstream of the catalyst and the length of a locus of 
the output of an air-fuel ratio sensor disposed downstream of the catalyst (locus ratio). 

[0036] Therefore, the value of the aforementioned lean air-fiiel ratio caii be changed 
in accordance with the degree of the oxidizing-reducing capability of the catalyst (e.g., the 
degree of degradation of the catalyst) indicated by the oxidizing-reducing capability index 
value. Furthermore, as mentioned above, the window range of the catalyst narrows as 
degradation of the catalyst progresses. Therefore, for example, the aforementioned lean air- 
fuel ratio can be kept at an air-fuel ratio that is within the window range of the catalyst and 
that is near the upper limit value of the window range, regardless of the degree of degradation 
of the catalyst. 

[0037] As a result, the efficiency of removal of nitrogen oxides NOx based on the 
reducing function of the catalyst immediately after the time point at which the output of the 
downstream-of-catalyst air-fuel ratio sensor indicates an air-fuel ratio that is lean of the 
stoichiometric air-fuel ratio is kept at of above a predetennined high efficiency value, and 
therefore the amount of nitrogen oxides NOx emitted inmiediately after the aforementioned 
time point can be minimized. Furthermore, since the aforementioned lean air-fiiel ratio is set 
at an air-fuel ratio that is as remote from the stoichiometric air-fiiel ratio as possible, the 
period for calculating the maximum oxygen storage amount of the catalyst can be reduced, in 
comparison with a case where the lean air-fuel ratio is pre-set at a lean air-fuel ratio that is 
near the stoichiometric air-fuel ratio. 

[0038] If a first catalyst and a second catalyst are disposed in series in an exhaust 
passage of an internal combustion engine, there is provided a catalyst degradation 
determining method in accordance with a fourth aspect of the invention. That is, in a catalyst 
degradation determining method applied to an emission control apparatus of an internal 
combustion engine that includes: a first catalyst disposed in an exhaust passage of the 
internal combustion engine; a downstream-of-first catalyst air-fuel ratio sensor disposed in 
the exhaust passage downstream of the first catalyst; a second catalyst disposed in the exhaust 
passage downstream of the downstream-of-first catalyst air-fuel ratio sensor; and a 
downstream-of-second catalyst air-fuel ratio sensor disposed in the exhaust passage 
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downstream of the second catalyst, an oxidizing-reducing capability index value that changes 
in accordance with at least one of a degree of an oxidizing-reducing capability of the first 
catalyst and a degree of an oxidizing-reducing capability of the second catalyst is acquired. 
Furthermore, an upstream-of-first catalyst air-fuel ratio occurring upstream of the first 
catalyst is controlled to an air-ftiel ratio that is rich of a stoichiometric air-fuel ratio so that 
the first catalyst completely releases oxygen stored in the first catalyst and the second catalyst 
completely releases oxygen stored in the second catalyst. 

[0039] Then, the upstream-of-first catalyst air-fuel ratio is controlled to a first lean 
air-fuel ratio that is lean of the stoichiometric air-fuel ratio, until a time point when an output . 
of the downstream-of-first catalyst air-fuel ratio sensor indicates an air-fuel ratio that is lean 
of the stoichiometric air-fiiel ratio. After that, the upstream-of-first catalyst air-fiiel ratio is 
controlled to a second lean air-fiiel ratio that is lean of the stoichiometric air-fuel ratio and 
that has a value that is determined in accordance with the oxidizing-reducing capability index 
value, until a time point when an output of the downstream-of-second catalyst air-fuel ratio 
sensor indicates an air-fuel ratio that is lean of the stoichiometric air-fuel ratio. 

[0040] A maximum oxygen storage amount of the first catalyst is estimated by 
taking into account the first lean air-fuel ratio to which the upstream-of-first catalyst air-fuel 
ratio was controlled. That is, the maximum oxygen storage amount of the first catalyst is 
estimated on the basis of the amount of oxygen present in the gas of the first lean air-fuel 
ratio. A maximum oxygen storage amount of the second catalyst is estimated by taking into 
account the value of the second lean air-fuel ratio to which the upstream-of-first catalyst air- 
fiiel ratio was controlled. That is, the maximum oxygen storage amount of the second 
catalyst is estimated on the basis of the amount of oxygen present in the gas of the second 
lean air-ftrel ratio. 

[0041] It is determined whether at least one of the first catalyst, the second catalyst 
and a catalyst device that includes the first catalyst and the second catalyst has degraded 
based on at least one of the estimated maximum oxygen storage of the first catalyst and the 
estimated maximum oxygen storage of the second catalyst, 

[0042] In this catalyst degradation determining method, it is preferable to adopt a 
construction in which an arbitrary one or at least one of the following determining operations 
is performed: determination as to whether the first catalyst has degraded on the basis of the 
estimated maximum oxygen storage amount of the first catalyst; determination as to whether 
the second catalyst has degraded on the basis of the estimated maximum oxygen storage 
amount of the second catalyst; determination as to whether the first catalyst has degraded on 
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the basis of the estimated maximum oxygen storage amount of the first catalyst, as well as 
determination as to whether the second catalyst has degraded on the basis of the estimated 
niaximum oxygen storage amount of the second catalyst; and determination as to whether the 
catalyst device that includes the first catalyst and the second catalyst has degraded on the 
basis of the estimated maximum oxygen storage amount of the first catalyst and the estimated 
maximum oxygen storage amount of the second catalyst. 

[0043] The aforementioned "oxidizing-reducing capability index value" is 
preferably a degradation index value that changes in accordance with the degree of 
degradation of the first catalyst and/or the degree of degradation of the second catalyst or a 
value that changes in accordance with the temperature of the first catalyst and/or the 
temperature of the second catalyst. It is also preferable that the oxidizing-reducing capability 
index value be a value based on the maxinium oxygen storage amount of the first catalyst 
already estimated by the above-described method and/or the maximum oxygen storage 
amount of the second catalyst already estimated by the above-described method (e.g., a value 
obtained by summing the maximum oxygen storage amount of the first catalyst and the 
maximum oxygen storage amount of the second catalyst already estimated by the above- 
described method). However, these examples are not restrictive. The first lean air-fuel ratio 
may be, for example, an air-fiiel ratio equal to the second lean air-fuel ratio. 

[0044] Therefore, the time point at which the oxygen stored in the first catalyst 
reaches the maximum oxygen storage amount can be reliably detected on the basis of a 
change in the output of the downstream-of-first catalyst air-fiiel ratio sensor, so that the 
maximum oxygen storage amount of the first catalyst can be estimated with good precision. 
Furthermore, the time point at which the oxygen stored in the second catalyst reaches the 
maximum oxygen storage amount can be reliably detected on the basis of a change in the 
output of the downstream-of-second catalyst air-fuel ratio sensor, so that the maximum 
oxygen storage amount of the second catalyst can be estimated with good precision. 

[0045] Furthermore, similarly to the catalyst degradation determining method in 
accordance with the third aspect of the invention, the second lean air-fuel ratio can be 
changed in accordance with the degree of the oxidizing-reducing capability of the first 
catalyst and/or the degree of the oxidizing-reducing capability of the second catalyst (e.g., the 
degree of degradation of the first catalyst and/or the degree of degradation of the second 
catalyst) indicated by the oxidizing-reducing capability index value. Also, as mentioned 
above, the window range of each of the first and second catalysts narrows with progression of 
degradation of the corresponding one of the catalysts. Therefore, for exaniple, the second 
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lean air- fuel ratio can be kept at an air-fuel ratio that is within the window range of the 
catalyst device formed by the first and second catalysts and that is near the upper limit value 
of the window range, regardless of the degrees of degradation of the first and second 
catalysts. 

[0046] As a result, the efficiency of removal of nitrogen oxides NOx based on the 
reducing function of the catalyst device immediately after the time point at which the output 
of the downstream-of-second catalyst air-fuel ratio sensor indicates an air-fuel ratio that is 
lean of the stoichiometric air-fuel ratio is kept at or above a predetermined high efficiency 
value, and therefore the amount of nitrogen oxides NOx emitted immediately after the 
aforementioned time point can be minimized. Furthermore, since die aforementioned second 
lean air-fuel ratio is set at an air-fuel ratio that is as remote froni the stoichiometric air-fuel 
ratio as possible, the period for calculating the maximum oxygen storage amount of the 
second catalyst (i.e., the maximum oxygen storage amount calculation period for the first and 
second catalysts) can be reduced, in comparison with a case where the second lean air-fuel 
ratio is pre-set at a lean air-fiiel ratio that is near the stoichiometric air-fuel ratio. 

[0047] In the above-described catalyst degradation determining methods, if the 
emission control apparatus of the internal combustion engine to which the catalyst 
degradation determining method is applied includes an upstream-of-catalyst air-fuel ratio 
sensor disposed in the exhaust passage upstream of the catalyst or upstream of the first 
catalyst, and an upstream-of-catalyst air-fuel ratio sensor abnormality detector for detecting 
an abnormality of the upstream-of-catalyst air-fiiel ratio sensor, it is preferable to adopt a 
construction in which the maximum oxygen storage amount of the catalyst or the maximum 
oxygen storage amounts of the first catalyst and the second catalyst are estimated based on an 
output of the upstream-of-catalyst air-fiiel ratio sensor, and in which a determination that the 
catalyst has degraded is prohibited in a case where the catalyst is in a state in which it is to be 
determined that the catalyst has degraded based on the estimated maximum oxygen storage 
amount, and where an abnormality of the upstream-of-catalyst air-fuel ratio sensor has been 
detected, and in which it is determined that the catalyst has not degraded regardless of 
whether an abnormality of the upstream-of-catalyst air-fuel ratio sensor has been detected, in 
a case where the catalyst is in a state in which it is to be determined that the catalyst has not 
degraded based on the estimated maximum oxygen storage amount. 

[0048] In the case where the maximum oxygen storage amount of the catalyst or the 
maximum oxygen storage amounts of the first catalyst and the second catalyst are estimated 
on the basis of the output of the upstream-of-catalyst air-fuel ratio sensor, that is, in the case 
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where the maximum oxygen storage amount of the catalyst or the maximum oxygen storage 
amounts of the first catalyst and the second catalyst are estimated by calculating the amount 
of oxygen released due to gas of a rich air-fuel ratio or the amount of oxygen present in gas 
of a lean air-fiiel ratio on the basis of the amount of deviation of the present value of output 
of the upstream-of-catalyst air-fuel ratio sensor from the value of output of the upstream-of- 
catalyst air-fuel ratio sensor that occurs when the air-fuel ratio of the gas detected by the 
upstream-of-catalyst air-fuel ratio sensor is the stoichiometric air-fuel ratio (hereinafter, 
referred to as "stoichiometric air-fuel ratio-time output value")j it becomes impossible to 
acquire an accurate maximum oxygen storage amount if the upstream-of-catalyst air-fuel 
ratio sensor has an abnonnality. Therefore, if an abnormality of the upstream-of-catalyst mr- 
fuel ratio sensor is detected by the upstream-of-catalyst air-fiiel ratio sensor abnormality 
detector, determination regarding catalyst degradation based on the estimated maximum 
oxygen storage amount as described above may possibly fail to provide a precise result of 
deteraiination regarding catalyst degradation. 

[0049] However, in general, as degradation of an air-fuel ratio sensor (a generally- 
termed concentration cell type oxygen sensor or a generally-termed limiting current type 
oxygen sensor) progresses, the amount of change in the output of the air-fuel ratio sensor 
with respect to an actual amount of change in the air-fuel ratio of gas subjected to detection 
by the air-fuel ratio sensor tends to decrease. That is, the amount of deviation of the value of 
output of the air-fuel ratio sensor from the stoichiometric air-fiiel ratio-time output value with 
respect to the amount of deviation of the actual air-fuel ratio of gas subjected to detection by 
the air-fuel ratio sensor from the stoichiometric air-fuel ratio tends to decrease as degradation 
of the sensor progresses. In other words, as degradation of the upstream-of-catalyst air-fiiel 
ratio sensor progresses (if the upstream-of-catalyst air-fuel ratio sensor has an abnormality), 
the maximum oxygen storage amount of the catalyst estimated on the basis of the output of 
the upstream-of-catalyst air-fuel ratio sensor becomes less than the actual maximum oxygen 
storage amount of the catalyst, 

[0050] Therefore, in the case where it is detennined whether a catalyst has degraded 
on the basis of whether the value indicating the maximum oxygen storage amount of the 
catalyst is less than or equal to a predetennined degradation criterion value, if the value 
indicating the maximum oxygen storage amount of the catalyst estimated on the basis of the 
output of the upstream-of-catalyst air-fuel ratio sensor is greater than the degradation 
criterion value while an abnormality of the upstream-of-catalyst air-fuel ratio sensor has been 
detected, it is certain that the value indicating the actual maximurn oxygen storage amount of 
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the catalyst is sufficiently greater than the degradation criterion value, and therefore a 
determination that the catalyst has not degraded can be correctly and precisely made despite 
the sensor abnormality. However, if the value indicating the maximum oxygen storage 
amount of the catalyst estimated on the basis of the output of the upstream-of-catalyst air-fuel 
ratio sensor is less than or equal to the degradation criterion value while an abnormality of the 
upstream-of"catalyst air-fuel ratio sensor has been detected, the magnitude relationship 
between the value indicating the actual maximum oxygen storage amount of the catalyst and 
the degradation criterion value is uncertain, and therefore a precise result of determination 
regarding degradation of the catalyst cannot be obtained, 

[0051] According to the above-described construction, even if an abnormality of the 
upstream-of-catalyst air-fuel ratio sensor has been detected as a result of progression of 
degradation of the upstream-of-catalyst air-fuel ratio sensor, a detennination that the catalyst 
has not degraded can be made. As long as a determination that the catalyst has not degraded 
is made, there is no need to replace the upstream-of-catalyst air-fuel ratio sensor. Thus, the 
time to replace the upstream-of-catalyst air-fuel ratio sensor can be delayed. Furthermore, 
since a determination that the catalyst has degraded is avoided if an abnormality of the 
upstream-of-catalyst air-fuel ratio sensor has been detected, a false determination regarding 
degradation of the catalyst can be prevented. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] The above mentioned and other objects, features, advantages, technical and 
industrial significance of this invention will be better understood by reading the following 
detailed description of preferred exemplary embodiments of the invention, when considered 
in connection with the accompanying drawings, in which: 

[0053] FIG. 1 is a schematic illustration of an internal combustion engine equipped 
with an emission control apparatus (catalyst degradation determining apparatus) for carrying 
out a catalyst degradation determining method in accordance with an embodiment of the 
invention; 

[0054] FIG. 2 is a map indicating a relationship between the output voltage of an air 
flow meter shown in FIG, 1 and the measured amount of intake air; 

[0055] FIG. 3 is a map indicating a relationship between the output voltage of an 
upstream-most air-fuel ratio sensor shown in FIG. 1 and the air-fuel ratio; 

[0056] FIG. 4 is a map indicating a relationship between the output voltages of a 
downstream-of-first catalyst air-fuel ratio sensor and a downstream-of-second catalyst air- 
fuel ratio sensor shown in FIG. 1 and the air-fuel ratio; 
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[0057] FIG. 5 is a time chart indicating changes in the controlled upstream-of-first 
catalyst air-fuel ratio, the outputs of the air-fuel ratio sensors and the amounts of oxygen 
stored in catalysts during the execution of detennination regarding catalyst degradation by the 
catalyst degradation determining apparatus; 

[0058] FIG. 6 is a flowchart illustrating a routine for calculating the amount of fuel 
injection executed by a CPU shown in FIG. 1; 

[0059] FIG. 7 is a flowchart illustrating a routine for calculating an air-fuel ratio 
feedback correction amount executed by the CPU shown in FIG. 1; 

[0060] FIG. 8 is a flowchart illustrating a routine for calculating a subsidiary 
feedback control amount executed by the CPU shown in FIG. 1; 

[0061] FIG. 9 is a flowchart illustrating a routine for determining whether to start 
the determination regarding catalyst degradation executed by the CPU shown in FIG. 1; 

[0062] FIG. 10 is a flowchart illustrating a routine of a first mode executed by the 
CPU shown in FIG. 1; 

[0063] FIG. 1 1 is a flowchart illustrating a routine of a second mode executed by 
the CPU shown in FIG. 1 ; 

[0064] FIG. 12 is a flowchart illustrating a routine of a third mode executed by the 
CPU shown in FIG. 1; 

[0065] FIG. 13 is a flowchart illustrating a routine of a fourth mode executed by the 
CPU shown in FIG. 1; 

[0066] FIG. 14 is a flowchart illustrating a routine of a fifth mode executed by the 
CPU shown in FIG. 1; 

[0067] FIG. 15 is a flowchart illustrating a routine of a sixth mode executed by the 
CPU shown in FIG. 1; 

[0068] FIG. 16 is a flowchart illustrating a routine for calculating an oxygen storage 
amount executed by the CPU shown in FIG. 1; and 

[0069] FIG. 17a and FIG. 17b are flowcharts illustrating a routine for determining 
whether the upstream-most air-fuel ratio sensor has an abnormality and determining whether 
a catalyst has degraded executed by the CPU shown in FIG. 1. 

DETAILED DESCRIPTION OF PREFERRED EMBO DIMENTS 

[0070] In the following description and the accompanying drawings, the present 
invention will be described in more detail with reference to exemplary embodiments. 

[0071] FIG. 1 is a schematic illustration of the construction of a system in which an 
emission control apparatus (catalyst degradation determining apparatus) for carrying out a 
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catalyst degradation determining method in accordance with an embodiment of the invention 
is applied to a spark ignition type multi-cylinder (e.g., four-cylinder) internal combustion 
engine 10. 

[0072] The internal combustion engine 10 includes a cylinder block section 20 that 
includes a cylinder block lower case, an oil pan, etc., a cylinder head section 30 fixed to the 
cylinder block section 20, an intake system 40 for supplying gasoline mixture to the cylinder 
block section 20, and an exhaust system 50 for releasing exhaust gas from the cylinder block 
section 20 to the outside. 

[0073] The cylinder block section 20 includes cylinders 21, pistons 22, connecting 
rods 23, and a crankshaft 24. The pistons 22 reciprocate within the cylinders 21 . The 
reciprocating movements of the pistons 22 are transferred to the crankshaft 24 via the 
connecting rods 23, thereby rotating the crankshaft 24. The cylinders 21, heads of the piistons 
22 and the cylinder head section 30 define combustion chambers 25. 

[0074] The cylinder head section 30 includes intake ports 31 connected in 
communication to the combustion chambers 25, intake valves 32 that open and close the 
intake ports 31, a variable intake timing device 33 that includes an intake camshaft for 
driving the intake valves 32, and that continuously changes the phase angle of the intake 
camshaft, and an actuator 33a of the variable intake timing device 33. The cylinder head 
section 30 also includes exhaust ports 34 connected in conimunication to the combustion 
chambers 25, exhaust valves 35 that open and close the exhaust ports 34, an exhaust camshaft 
36 for driving the exhaust valves 35, ignition plugs 37, an igniter 38 that includes an ignition 
coil for producing a high voltage to be supplied to the ignition plugs 37, and injectors (fuel 
injection means) 39 that inject fiiel into the intake ports 3 1 . 

[0075] The intake system 40 includes an intake pipe 41 that is connected in 
communication to the intake ports 3 1 and that includes an intake manifold that forms an 
intake passage together with the intake ports 3 1, an air filter 42 provided at an end portion of 
the intake pipe 41, a throttle valve 43 provided within the intake pipe 41 for varying the 
sectional area of the opening of the intake passage, a throttle valve actuator 43a formed by a 
DC motor which forms throttle valve drive means, a swirl control valve (hereinafter, referred 
to as "SCV") 44, and an SCV actuator 44a formed by a DC motor. 

[0076] The exhaust system 50 includes an exhaust manifold 51 connected in 
communication to the exhaust ports 34, an exhaust pipe 52 connected in communication to 
the exhaust manifold 51, an upstream-side first catalyst (also referred to as "upstream-side 
three-way catalyst" or ''start converter-') 53 disposed in the exhaust pipe 52 (between exhaust 
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pipe portions), a second catalyst (also referred to as "downstream-side three-way catalyst" or 
as "under-floor converter" due to the mounting below a floor of a vehicle) 54 disposed in the 
exhaust pipe 52 (between exhaust pipe portions) downstream of the first catalyst 53. The 
exhaust ports 34, the exhaust manifold 51 and the exhaust pipe 52 form an exhaust passage. 

[0077] This system includes a hot wire air flow meter 61, a throttle position sensor 
62, a cam position sensor 63, a crank position sensor 64, a water temperature sensor 65, an 
air-fuel ratio sensor 66 disposed in the exhaust passage upstream of the first catalyst 53 
(hereinafter, referred to as "upstream-most air-fuel ratio sensor 66"), an air-fuel ratio sensor 
67 disposed in the exhaust passage downstream of the first catalyst 53 and upstream of the 
second catalyst 54 (hereinafter, referred to as "downstreani-of-first catalyst air-fuel ratio 
sensor 67"), an air-fuel ratio sensor 68 disposed downstream of the second catalyst 54 
(hereinafter, referred to as "downstream-of-second catalyst air-fuel ratio sensor 68"), and an 
accelerator operation amount sensor 69, 

[0078] The hot wire air flow meter 61 is designed to output a voltage Vg 
corresponding to the mass flow of intake air that flows in the intake pipe 41. A relationship 
between the output Vg of the air flow meter 61 and the measured intake air amount (flow) 
AFM is indicated in FIG. 2. The throttle position sensor 62 is designed to detect the degree 
of opening of the throttle valve 43 and output a signal that indicates the degree of throttle 
valve opening TA. The cam position sensor 63 is designed to generate a signal (G2 signal) 
having a pulse at every rotational angle of 90^ of the intake camshaft (that is, every rotational 
angle of 180° of the crankshaft 24). The crank position sensor 64 is designed to output a 
signal that has a narrow pulse at every 10° rotation of the crankshaft 24 and has a wide pulse 
at every 360° rotation of the crankshaft 24. This signal indicates the engine rotation speed 
NE. The water temperature sensor 65 is designed to detect the temperature of cooling water 
of the internal combustion engine 10 and output a signal indicating the cooling water 
temperature THW. 

[0079] The upstream-most air-fuel ratio sensor 66 is a generally-termed Uniting 
current type oxygen sensor, and is designed to output an electric current corresponding to the 
air-fuel ratio A/F, and output a voltage vabyfs corresponding to the current as indicated by a 
solid line in FIG. 3. As is apparent from FIG. 3, the upstream-most air-fuel ratio sensor 66 
allows high-precision detection of the air-fuel ratio A/F over a wide range. 

[0080] The downstream-of-first catalyst air-fuel ratio sensor 67 and the 
downstream-of -second catalyst air-fuel ratio sensor 68 are generally-terrned concentration 
cell type oxygen sensors, and are designed to output voltages Voxsl, Voxs2, respectively. 
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that sharply change at the stoichiometric air-fuel ratio. More specifically, as shown in FIG. 4, 
the downstream-of-first catalyst air-fuel ratio sensor 67 and the downstream-of-second 
catalyst air-fiiel ratio sensor 68 output about 0.1 (V) when the air-fuel ratio is lean of the 
stoichiometric air-fuel ratio, and output about 0.9 (V) when the air-fuel ratio is rich of the 
stoichiometric air-fuel ratio, and output about 0.5 (V) when the air-fuel ratio is equal to the 
stoichionietric air-fuel ratio. The accelerator operation amount sensor 69 is designed to 
detect the amount of operation of an accelerator pedal 8 1 operated by a driver, and to output a 
signal indicating the operation amount Accp of the accelerator pedal 81. 

[0081] This system further includes an electric control unit 70. The electric control 
unit 70 is a naicrocomputer that includes a CPU 71, a ROM 72 in which routines (programs) 
executed by the CPU 71, tables (look-up tables, maps), constants, etc., are pre-stored, a RAM 
73 into which the CPU 71 temporarily stores data when necessary, a backup RAM 74 that 
stores data when a power supply is on, and that retains the stored data while the power supply 
is off, an interface 75 tihat includes an AD converter, etc., which are interconnected by a bus. 
The interface 75 is connected to the sensors 61 to 69, and supplies signals from the sensors 61 
to 69 to the CPU 71, and sends drive signals to the actuator 33a of the variable intake timing 
device 33, the igniter 38, the injectors 39, the throttle valve actuator 43a, and the SCV 
actuator 44a. 

[0082] (Principle of Determination of Catalyst Degradation) 
[0083] Three-way catalysts, such as the first and second catalysts 53, 54, have the 
. function of oxidizing unburned components (HC, CO) (oxidizing function) and the function 
of reducing nitrogen oxides (NOx) (reducing function), and are able to substantially remove 
harmful components, including the unburned components and nitrogen oxides, due to the 
oxidizing and reducing functions, The efficiency of removal of harmful components by the 
oxidizing and reducing functions of the three-way catalyst increases as the internal 
combustion engine air-fuel ratio approaches the vicinity of the stoichiometric air-fiiel ratio. 
Therefore, if the engine air-fuel ratio is kept within a window range that contains the 
stoichiometric air-fuel ratio, the removal efficiency can be kept at or above a predetermined 
high value. 

[0084] Furthermore, the three-way catalyst also has the oxygen storing and 
releasing functions. Due to the oxygen storing and releasing functions, the catalyst is able to 
substantially remove HC, CO and NOx even if the air-fuel ratio deviates from the 
stoichiometric air-fiiel ratio to a certain extent. That is, if the engine air-fuel ratio becomes 
lean of the stoichiometric air-fuel ratio and the gas flowing into the three-way catalyst comes 
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to contain a large amount of NOx, the three-way catalyst detaches oxygen inolecules from 
NOx and therefore reduces NOx, that is, removes NOx, and stores the oxygen, due to its 
oxygen storing function. If the engine air-fuel ratio becomes rich of the stoichiometric air- 
fuel ratio and the gas flowing into the three-way catalyst comes to contain large amounts of 
HC and CO, the catalyst oxidizes and therefore removes HC and CO by giving them stored 
oxygen due to the oxygen releasing function of the catalyst, 

[0085] Therefore, in order to efficiently remove large amounts of HC and CO 
continuously flowing into the three-way catalyst, the catalyst needs to have a large aniount of 
stored oxygen. Conversely, in order to efficiently remove a large amount of NOx 
continuously flowing into the three-way catalyst, the catalyst needs to be in a state where the 
catalyst is able to store a sufficiently large amount of oxygen. 

[0086] As is apparent from the above discussion, the emissions control capability of 
the three-way catalyst is dependent on the maximum oxygen storage amount, that is, the 
maximum amount of oxygen that the three-way catalyst is able to store (absorb). However, 
the three-way catalyst degrades due to the poisoning caused by lead, sulfur and the like 
contained in fuel, or heat given to the catalyst. Therefore, the maximum oxygen storage 
amount of the catalyst gradually decreases: That is, if the maximum oxygen storage amounts 
of the first and second catalysts 53, 54 are estimated, it becomes possible to determine 
whether the catalysts have degraded, separately for the individual catalysts. Furthermore, on 
the basis of the combination of results of the determination, it is possible to determine 
degradation of a catalyst device that is formed by the first and second catalysts 53, 54, 

[0087] Therefore, the catalyst degradation determining apparatus of the 
embodiment estimates maximum oxygen storage amounts of the first and second catalysts 53, 
54 by forcibly changing the air-fuel ratio of gas upstream of the first catalyst 53 from the 
fuel-rich side to the fuel-lean side of the stoichiometric air-fuel ratio (or in the opposite 
direction), as described below. In this case, harmful components are likely to be emitted 
immediately after the switch of the upstream-of-first catalyst air-fuel ratio from a rich air-fuel 
ratio to a lean air-fiiel ratio (or in the opposite direction) as mentioned above. Therefore, at 
this time point, it is necessary to lessen the eniission of harmful components. Furthermore, it 
is preferable that the period needed to estimate the oxygen storage amount be short. 

[0088] Considering the aforementioned requirements, the apparatus of the 
embodiment minimizes the emission of harmful components, and estimates the maximum 
oxygen storage amounts of the first and second catalysts 53, 54 within a relatively short 
period of time as indicated in time charts of FIGS. 5. First, at a time point tl, as indicated in 
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(A) of FIG. 5, the apparatus controls the air-fuel ratio of gas upstream of the first catalyst 53 
(which in reality is the air-fuel ratio of a mixture taken into the internal combustion engine, 
and will sometimes be referred to as "upstream-of-fir§t catalyst air-fiiel ratio" in the 
following description) to a first lean air-fuel ratio that is lean of the stoichiometric air-fiiel 
ratio. The first lean air-fuel ratio is set at an air-fuel ratio that is slightly above the upper limit 
value of the window range at the time of brand new condition of a catalyst device that is a 
unit of the first and second catalysts 53, 54. 

[0089] Therefore, since a gas having a lean air-fuel ratio flows into the first catalyst 
53, the amount of oxygeii stored in the first catalyst 53 gradually increases, and reaches the 
maximum oxygen storage amount CSCmax at a time point t2 as indicated in (C) of FIG. 5, 
As a result, at the time point t2, a gas containing oxygen (lean air-fuel ratio gas) starts to flow 
out of the first catalyst 53, and the output Voxsl of the downstream-of-first catalyst air-fuel 
ratio sensor 67 changes from a rich state-indicating value to a lean state-indicating value as 
indicated in (B) of FIG. 5. The operation performed between the time points tl and t2 is 
termed operation in the first mode (Mode =1). As the output Voxsl of the downstream-of- 
ftrst catalyst air-fiiel ratio sensor 67 changes from the rich state-indicating value to the lean 
state-indicating value at the time point t2, the apparatus stores the value of output vabyfs of 
the upstream-most air-fuel ratio sensor 66 occurring at the end of the first mode (Mode = 1) 
(i.e., during the state where the upstream-of-first catalyst air-fuel ratio is controlled to the fiirst 
lean air-fuel ratio) into a variable VabyfsL, and then controls the upstream-of-first catalyst 
air-fiiel ratio to a second lean air-fuel ratio that is lean of the stoichiometric air-fuel ratio and 
that is rich of the first lean air-fuel ratio (see (A) of FIG. 5). 

[0090] The second lean air-fuel ratio is changed in accordance with the value of a 
maximum oxygen storage amount CRaxall of the entire catalyst device, that is, the sum of the 
value of maximum oxygen storage amount CUFmax of the second catalyst 54 and the value 
of the maximum oxygen storage amount CSCmax of the first catalyst 53 estimated by the 
apparatus during the previous catalyst degradation determining operation. The second lean 
air-fiiel ratio is set (relatively great) so as to approach an air-fuel ratio near the upper limit 
value of the window range provided at the time of brand new condition of the catalyst device 
as the value of maximum oxygen storage amount Cmaxall increases, and is set (relatively 
small) so as to approach the stoichiometric air-fuel ratio as the value of maximum oxygen 
storage amount Cmaxall decreases (as the degradation of the first catalyst 53 and the second 
catalyst 54 (catalyst device) progresses). As a result, the second lean air-fuel ratio is set so as 
to become an air-fuel ratio near the upper limit value of the window range provided at a given 
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time, which window range narrows in accordance with the degree of degradation of the 
catalyst device. 

[0091] In this state, therefore, a gas having a lean air-fuel ratio flows into die first 
catalyst 53, and the oxygen storage amount of the first catalyst 53 is maximum and no more 
oxygen can be stored into the first catalyst 53. Therefore, an oxygen-containing gas 
continues flowing out of the first catalyst 53. As a result, from the time point t2 on, the 
oxygen storage amount of the second catalyst 54 gradually increases, and reaches the 
maximum oxygen storage amount CUFmax at a time point t3, as indicated in (E) of FIG. 5. 
Therefore, at the time point t3, an oxygen-containing gas starts to flow out of the second 
catalyst 54, and the output Voxs2 of the downstream-of-second catalyst air-fuel ratio sensor 
68 changes from a rich state-indicating value to a lean state-indicating value as indicated in 
(D) of FIG. 5. The operation performed between the time points t2 and t3 is termed operation 
in the second mode (Mode = 2). 

[0092] As described above, during the first and second modes (Mode = 1, Mode = 
2), the air-fuel ratio of gas upstream of the first catalyst 53 is controlled to the lean side of the 
stoichiometric air-fuel ratio so that the first catalyst 53 stores oxygen therein up to the limit of 
the oxygen storage capability thereof, and the second catalyst 54 stores oxygen therein up to 
the hrmt of the oxygen storage capability thereof, respectively^ 

[0093] As the output Voxs2 of the downstream-of-second catalyst air-fuel ratio 
sensor 68 changes from the rich state-indicating value to the lean state-indicating value at the 
time point t3, the apparatus controls the upstream-of-first catalyst air-fuel ratio to a first rich 
air-fuel ratio that is rich of the stoichiometric air-fuel ratio. The first rich air-fuel ratio is set 
at an air-fuel ratio that is slightly below the lower limit value of the window range provided 
at the time of brand new condition of the catalyst device that is a unit of the first and second 
catalysts 53, 54. 

[0094] Therefore, a rich air-fuel ratio gas flows into the first catalyst 53, so that 
oxygen stored in the first catalyst 53 is consumed to oxidize the unbumed components, that 
is, HC and CO, which enter the first catalyst 53. Hence, the oxygen storage amount of the 
first catalyst 53 decreases from the maximum oxygen storage amount CSCmax. Then, at a 
time point t4, the oxygen storage amount of the first catalyst 53 reaches "0". Therefore, a 
rich air-fuel ratio gas starts to flow out of the first catalyst 53, and the output Voxsl of the 
downstream-of-first catalyst air-fuel ratio sensor 67 changes from a lean state-indicating 
value to a rich state-indicating value. The operation performed between the time points t3 
and t4 is tenned operation in die third mode (Mode ==3). 
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[0095] During the period between the tinie points t3 and t4, the apparatus estiniates 
the maximum oxygen storage amount CSCmax of the first catalyst 53 as a maximum oxygen 
storage amount CSCmax3 as described below. That is, during the period from the time point 
t3 when the upstream-of-first catalyst air-fuel ratio is set at the first rich air-fuel ratio to the 
time point t4 when the output Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 
67 changes to the rich state-indicating value, the apparatus calculates amounts of change A02 
in the oxygen storage amount and accumulates the amounts of change A02 as in 
mathematical expressions 1 and 2, thereby calculating the accumulated value at the time point 
t4 as a maximum oxygen storage amount CSCmax3. 

[Expression 1] A02 = 0.23 ^ mfir x (stoich - abyfs) 

[Expression 2) CSCniax3 = EA02 (time section t = t3 to t4) 

[0096] In mathematical expression 1, the value "0.23" is the weight proportion of 
oxygen contained in the atmosphere, mfr is the total of fuel injection amount Fi within a 
predetermined time (calculation cycle tsample), and stoich is the stoichiometric air-fuel ratio 
(e.g., 14.7). abyfs is the air-fuel ratio A/F detected by the upstream-most air-fuel ratio sensor 
66 in the predetermined time tsample. abyfs may be the mean value of the air-fuel ratios A/F 
detected by the upstream-most air-fuel ratio sensor 66 within the predetermined time tsample. 

[00971 As indicated in mathematical expression 1, the multiplication of the total mir 
of the fiiel injection amount Fi within the predetermined time tsample by the shift (stoich - 
abvfs) of the detected air-fuel ratio A/F from the stoichiometric air-fuel ratio provides the 
shortfall of air in the predetermined time tsample, and the multiplication of the shortfall of air 
by the weight proportion of oxygen provides the amount of change A02 in the oxygen 
storage amount (i.e, amount of consumption of stored oxygen) in the predetermined time 
tsample. Then, as indicated in mathematical expression 2, the accumulation of the amounts 
of change A02 in the oxygen storage amount over the time of t3 to t4 provides an estimate of 
the amount of oxygen consumed during the period starting at the state where the amount of 
oxygen stored in the first catalyst 53 is maximum and ending at the complete consumption of 
the oxygen, that is, the maximum oxygen storage amount CSCmax3. Thus, in this 
embodiment, the maximum oxygen storage amount CSCmax3 is estimated on the basis of the 
output of the upstream-most air-fuel ratio sensor 66 (by utilizing the fact that the upstream- 
of-first catalyst air-fuel ratio is controlled to the first rich air-fuel ratio). 

[0098] As the output of the downstream-of-first catalyst air-fuel ratio sensor 67 
changes from the lean state-indicating value to the rich state-indicating value at the time point 
t4, the apparatus stores the value of output vabyfs of the upstream-most air-fuel ratio sensor 
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66 occurring at the eiid of the third mode (Mode = 3) (i.e., during the state where the 
upstream-of-first catalyst air-fuel ratio is controlled to the first rich air-fuel ratio) into a 
variable VabyfsR, and then controls the upstream-of-first catalyst air-fuel ratio to a second 
rich air-fuel ratio that is rich of the stoichiometric air-fuel ratio and that is lean of the first rich 
air-fiiel ratio. 

[0099] The second rich air-fiiel ratio is changed in accordance with the value of the 
maximum oxygen storage amount CRaxall of the entire catalyst device estimated by the 
apparatus during the previous catalyst degradation determining operation. The second rich 
air-fuel ratio is set (relatively snjall) so as to approach an air-fuel ratio near the lower limit 
value of the window range provided at the time of brand new condition of the catalyst device 
as the value of maximum oxygen storage amount Cmaxall increases, and is set (relatively 
large) so as to approach the stoichiometric air-fuel ratio as the value of maximum oxygen 
storage amount Cmaxall decreases (as the degradation of the first catalyst 53 and the second 
catalyst 54 (catalyst device) progresses). As a result, the second rich air-fuel ratio is set so as 
to become an air-fuel ratio near the lower limit value of the window range provided at a given 
time, which window range narrows in accordance with the degree of degradation of the 
catalyst device, 

[0100] At this time, the oxygen storage amount of the first catalyst 53 is "0", and 
therefore, a rich air-fiiel ratio gas flows into the second catalyst 54. As a result, oxygen 
stored in the second catalyst 54 is consumed to oxidize the unbumed components, that is, HC 
and CO, which enter the second catalyst 54. Therefore, the oxygen storage amount of the 
second catalyst 54 decreases from the maximum oxygen storage amount CUFmax. 

[0101] Then, at a time point t5, the amount of oxygen stored in the second catalyst 
54 reaches "0". Therefore, a rich air-fuel ratio gas starts to flow out of the second catalyst 54, 
and the output Voxs2 of the downstream-of-second catalyst air-fuel ratio sensor 68 changes 
from a lean state-indicating value to a rich state-indicating value. That is, during the period 
between the time points t3 and t5, the air-fuel ratio of gas upstream of the first catalyst 53 is 
controlled to the rich side of the stoichiometric air-fuel ratio so that the oxygen stored in the 
first catalyst 53 is completely released during the period between the time points t3 and t4, 
and the oxygen stored in the second catalyst 54 is completely released during the period 
between the time points t4 and t5, The operation performed between the time points t4 and t5 
is termed operation in the fourth mode (Mode = 4). 

[0102] During the period between the time points t4 and t5, the apparatus calculates 
and estimates the rnaximum oxygen storage amount CUFmax of the second catalyst 54 as a 
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maximum oxygen storage amount CUFmax4 thu-ough calculations as in mathematical 
expressions 3 and 4, which are similar to those used in the above-described calculation of the 
maximum oxygen storage amount CSCmaxS. Thus, in this embodiment, the maximum 
oxygen storage amount CUFmax4 is estimated on the basis of the output of the upstream- 
most air-fuel ratio sensor 66 (by utilizing the fact that the upstream-of-first catalyst air-fuel 
ratio is controlled to the second rich air-fuel ratio). 

[Expression 3] A02 = 0.23 ^ mfr x (stoich - abyfs) 

[Expression 4] CUFmax4 = rA02 (time section = t4 to t5) 

[0103] As the output Voxs2 of the downstreatn-of-second catalyst air-fuel ratio 
sensor 68 changes from the lean state-indicating value to the rich state-indicating value at the 
time point t5, the apparaitus controls the upstream-of-first catalyst air-fiiel ratio to the 
aforementioned first lean air-fuel ratio that is lean of the stoichiometric air-fuel ratio. 
Therefore, a lean air-fuel ratio gas flows into the first catalyst 53. At the time point t5, the 
oxygen storage amount of the first catalyst 53 is "0". Therefore, the amount of oxygen stored 
in the first catalyst 53 continuously increases from "0'' from the time point t5 on, and reaches 
the maximum oxygen storage amount CSCmax at a time point t6. As a result^ at the time 
point t6, an oxygen-containing gas starts to flow out of the first catalyst 53, and the output 
Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 67 changes from a rich state- 
indicating value to a lean state-indicating value. The operation performed between the time 
points t5 and t6 is termed operation in the fifth mode (Mode = 5). 

[0104] During the period between the time points t5 and t6, too, the apparatus 
estimates the maximum oxygen storage amount CSCmax of the first catalyst 53 as a 
rnaximum oxygen storage amount CSCmax5 as described below. That is, the time point t6 
when the output Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 67 changes to 
the lean air-fuel ratio-indicating value is a time point when the oxygen storage amount of the 
first catalyst 53 reaches the maximum oxygen storage amount CSCmax. Therefore, during 
the period between the time points t5 and t6, the apparatus calculates and accumulates 
amounts of change A02 in the oxygen storage amount as in matheniatical expressions 5 and 
6, thereby calculating and estimating the accumulated value at tihe time point t6 as the 
maximum oxygen storage amount CSCmax5. 

[Expression 5] A02 = 0.23 ^ mfr ^ (abyfs - stoich) 

[Expression 6] CSCmax5 == £A02 (time section t = t5 to t6) 

[0105] As indicated in mathematical expression 5, the multiplication of the total mfr 
of the fuel injection amount within the predetemiined time tsample by the shift (abyfs - 
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stoich) of the air-fuel ratio A/F from the stoichiometric air-fuel ratio provides the e^tcess 
amount of air in the predetermined time tsample, and the multiplication of the excess amount 
of air by the weight proportion of oxygen provides the amount of change A02 in the oxygen 
storage amount (i.e, arnount of oxygen stored) in the predetermined time tsample. Then, as 
indicated in rnathematical expression 6, the accumulation of the amounts of change A02 in 
the oxygen storage amount over the time of t5 to t6 provides an estimate of the amount of 
oxygen stored during the period starting at the state where the amount of oxygen stored in the 
first catalyst 53 is "O" and ending at the maximum storage of oxygen, that is, the maximum 
oxygen storage amount CSCmax5. Thus, in this embodiment, the maximum oxygen storage 
amount CSCmaxS is estimated on the basis of the output of the upstream-most air-fuel ratio 
sensor 66 (by utilizing the fact that the upstream-of-first catalyst air-fuel ratio is controlled to 
the first lean air-fuel ratio). 

[0106] As the output Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 

67 changes from the rich state-indicating value to the lean state-indicating value at the time 
point t6, the apparatus controls the upstream-of-first catalyst air-fuel ratio to the 
aforementioned second lean air-fuel ratio that is lean of the stoichiometric air-fuel ratio and 
that is rich of the first lean air-fuel ratio. In this case, the oxygen storage amount of the first 
catalyst 53 has reached the maximum oxygen storage amount CSCmax. Therefore, a lean 
air-fuel ratio gas flows out of the first catalyst 53, and flows into the second catalyst 54. At 
the time point t6, the oxygen storage amount of the second catalyst 54 is ''0". Therefore, the 
amount of oxygen stored in the second catalyst 54 continuously increases from "0" from the 
time point t6 on, and reaches the maximum oxygen storage amount CUFmax at a time point 
t7. As a result, at the time point t7, an oxygen-containing gas starts to flow out of the second 
catalyst 54, and the output Voxs2 of the downstream-of-second catalyst air-fuel ratio sensor 

68 changes from a rich state-indicating value to a lean state-indicating value. The operation 
performed between the time points t6 and t7 is termed operation in the sixth mode (Mode = 
6). 

[0107] During the period between the time points t6 and t7, too, the apparatus 
estimates the maximum oxygen storage amount CUFmax of the second catalyst 54 as a 
maximum oxygen storage amount CUFmax6 as described below. That is, the apparatus 
calculates and accumulates amounts of change A02 in the oxygen storage amount as in 
mathematical expressions 7 and 8, thereby deterrnining the accumulated value at the time 
point t7 as a maximum oxygen storage amount CUFmax6. 

[Expression 7] A02 - 0.23 x mfr x (abyfs - stoich) 
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[Expression s] CUFmax6 == I:A02 (time section t = t6 to t7) 

[0108] Thus, in this embodiment, the maximum oxygen storage amount CUFmax6 
is estimated on the basis of the output of the ups^eam-most air-fiiel ratio sensor 66 (by 
utilizing (i.e., in consideration of) the fact that the upstream-of-first catalyst air-fiiel ratio is 
controlled to the second lean air-fuel ratio). Then, at a time point t7, the apparatus returns the 
air-fuel ratio of a mixture taken into the internal combustion engine to the stoichiometric air- 
fuel ratio. From the time point t7 on, the apparatus determines whether the upstream-most 
air-fiiel ratio sensor 66 has abnormality by determining whether mathematical expression 9 is 
satisfied. 

[Expression 9] ((vabyfsL - vabyfsR)/dvref) < a 

[0109] In mathematical expression 9, dvref in the left side, as indicated in FIG. 3, is 
a deviation (positive constant value) between the value of output vabyfs of the upstream-most 
air-fuel ratio sensor 66 occurring when the detected air-fiiel ratio A/F of gas is the first lean 
air-fiiel ratio (stoich/0.98) and the value of output vabyfs of the upstream-most air-fiiel ratio 
sensor 66 occurring when the detected air-fuel ratio A/F is the first rich air-fiiel ratio 
(stoich/L02) in the case where the upstream-most air-fuel ratio sensor 66 is normal. In 
mathematical expression 9, a in the right side is a criterion (positive constant value) for the 
determination regarding degradation of the upstream-most air-fiiel ratio sensor. 

[0110] As degradation of the upstream-most air-fuel ratio sensor 66 progresses, 
there is a tendency as indicated by a two-dot chain line in FIG. 3, that is, the amount of shift 
(absolute value thereof) of the value of output of the upstream-most air-fuel ratio sensor 66 
from the value of output of the sensor 66 occurring when the air-fiiel ratio A/F of gas is the 
stoichiometric air-fuel ratio with respect to the amount of shift of the actual air-fiiel ratio A/F 
of the gas subjected to the detection by the upstream-most air-fuel ratio sensor 66 from the 
stoichiometric air-fuel ratio (stoich) tends to decrease. 

[0111] Therefore, the deviation (vabyfsL - vabyfsR) between the value of variable 
vabyfsL storing the value of output vabyfs of the upstream-most air-fiiel ratio sensor 66 
occurring in the case where the upstream-of-first catalyst air-fuel ratio is controlled to the 
first lean air-fiiel ratio, and the value of variable vabyfsR storing the value of output vabyfs of 
the upstream-most air-fuel ratio sensor 66 occurring in the case where the upstream-of-first 
catalyst air-fi)el ratio is controlled to the first rich air-fuel ratio decreases in accordance with 
progress of the degradation of the upstream-most air-fuel ratio sensor 66. That is, the ratio 
((vabyfsL - vabyfsR)/dvref) of the value of deviation (vabyfsL - vabyfsR) to the value of 
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deviation dvref decreases in accordance with progress of the degradation of the upstream- 
most air-fiiel ratio sensor 66. 

[0112] On the basis of the above-described principle, the apparatus determines that 
the upstream-most air-fuel ratio sensor 66 is abnormal (has degraded) if mathematical 
expression 9 holds, that is, if the ratio ((vabyfsL - vabyfsR)/dvref) of the value of deviation 
(vabyfsL - vabyfsR) to the value of deviation dvref is less than the criterion a for 
determination regarding degradation of the upstream-most air-fuel ratio sensor 66. 

[0113] Then, the apparatus determines whether the first and second catalysts 53, 54 
have degraded as described below. First, with regard to the first catalyst 53, the apparatus 
determines whether the maximum oxygen storage amount CSCmax3 of the first catalyst 53 is 
less than or equal to a first catalyst degradation criterion CSCRdn, and whether the maximum 
oxygen storage amount CSCmax5 of the first catalyst 53 is less than or equal to a first 
catalyst degradation criterion CSCRup, and whether a mean maximum oxygen storage 
amount CSCmax of the first catalyst 53 (= (CSCmax3 + CSCmax5)/2), that is, a mean value 
of the maximum oxygen storage amount CSCmax3 and the maximum oxygen storage amount 
CSCmaxS, is less than or equal to a first catalyst degradation criterion CSCRave. 

[0114] Then, the apparatus determines, in principle, that the first catalyst 53 has 
degraded if fulfillment is achieved of any one of the condition that the maximum oxygen 
storage amount CSCmax3 is less than or equal to the first catalyst degradation criterion 
CSCRdn, the condition that the maximum oxygen storage amount CSCmax5 is less than or 
equal to the first catalyst degradation criterion CSCRup, and the condition that the mean 
maximum oxygen storage amount CSCmax is less than or equal to the first catalyst 
degradation criterion CSCRave. It is also possible to adopt a construction in which it is 
determined that the first catalyst 53 has degraded if an arbitrary combination of two of the 
three conditions is fulfilled, or a construction in which it is determined that the first catalyst 
53 has degraded if all three conditions are fulfilled. However, if it is determined that the 
upstream-most air-fuel ratio sensor 66 is abnormal, the apparatus avoids (i.e., is prohibited 
from) determining that the first catalyst 53 has degraded. 

[0115] Next, with regard to the second catalyst 54, the apparatus determines 
whether the maximum oxygen storage amount CUFmax4 of the second catalyst 54 is less 
than or equal to a second catalyst degradation criterion CUFRdn, and whether the maximum 
oxygen storage amount CUFmax6 of the second catalyst 54 is Jess than or equal to a second 
catalyst degradation criterion CUFRup, and whether a mean maximum oxygen storage 
amount CUFmax of the second catalyst 54 (= (CUFmax4 + CUFmax6)/2), that is, a mean 
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value of the maximum oxygen storage amount CUFmax4 and the niaximum oxygen storage 
amount CUFmax6, is less than or equal to a second catalyst degradation criterion CUFRave. 

[0116] Then, the apparatus determines, in principle, that the second catalyst 54 has 
degraded if fulfillment is achieved of any one of the condition that the maximum oxygen 
storage amount CUFmax4 is less than or equal to the second catalyst degradation criterion 
CUFRdn, the condition that the maximum oxygen storage amount CUFmax6 is less than or 
equal to the second catalyst degradation criterion CUFRup, and the condition that the mean 
maximum oxygen storage amount CUFmax is less than or equal to the second catalyst 
degradation criterion CUFRave. In this case, too, it is possible to adopt a construction in 
which it is determined that the second catalyst 54 has degraded if an arbitrary combination of 
two of the three conditions is fulfilled, or a construction in which it is determined that the 
second catalyst 54 has degraded if all three conditions are fulfilled. However, if it is 
determined that the upstream-most air-fuel ratio sensor 66 is abnormal, the apparatus avoids 
(i.e., is prohibited from) determining that the second catalyst 54 has degraded, as in the 
above-described case. 

[0117] Furthermore, the apparatus determines whether the catalyst device as a unit 
of the first and second catalysts 53, 54 has degraded by determining whether mathematical 
expression 10 is satisfied. In this case, too, the apparatus avoids determining that the catalyst 
device has degraded, if it has been determined that the upstream-most air-fuel ratio sensor 66 
is abnormal. 

[Expression 10] CSCmax + CUFmax < CRave 

[0118] In mathematical expression 10, CSCmax in the left side may be replaced by 
CSCmax3 or CSCmaxS, and CUFmax may be replaced by CUFmax4 or CUFmax6. CRave 
in the right side is a reference value of the maximum oxygen storage amount for the 
determination regarding degradation of the catalyst device that is a unit of the first and 
second catalysts 53, 54 (entire catalyst degradation criterion). Above described is a summary 
of the catalyst degradation determining method employed by the apparatus, 
<Actual Operation> 

[0119] Actual operations of the emissions control apparatus (and the catalyst 
degradation determining apparatus) constructed as described above will be described below 
with reference to FIGS. 6 to 17 showing flowcharts illustrating routines (programs) executed 
by the CPU 71 of the electronic control unit 70. 

[0120] (Ordinary Air-Fuel Ratio Control) 
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[0121] The CPU 7 1 executes the routine of FIG. 6 for calculating the final fuel 
injection amount Fi and commanding fiiel injection, every time the crank angle of any one of 
the cylinders reaches a predetermined crank angle preceding the intake stroke top dead center 
(e.g., BTDC 90*'CA). Therefore, when the crank angle of an arbitrary cylinder reaches the 
predetermined crank angle, the CPU 71 starts the routine at step S600, and proceeds to step 
S605, in which the CPU 71 determines a basic fiiel injection amount Fbase for setting the 
internal combustion engine air-fuel ratio at the stoichiometric air-fuel ratio from a map on the 
basis of the intake air amount AFM measured by the air flow meter 61 and the engine 
rotation speed NE. 

[0122] Subsequently in step S610, the CPU 71 sets, as a final fuel injection amount 
Fi, the value obtained by a^dding a below-described air-fuel ratio feedback coirection amount 
DFi to the multiplication product of the basic fuel injection amount Fbase and a factor K. 
The value of the factor K is normally "1.00", and is set at a predetermined value other than 
"1.00" when the air- fuel ratio is to be forcibly changed in order to make a determination 
regarding catalyst degradation as described above. Subsequendy in step S615, the CPU 71 
commands the injector 39 to inject the final fuel injection amount Fi of fuel. After that, in 
step S620, the CPU 71 sets the value obtained by adding the final fuel injection amount Fi to 
the present fiiel injection total amount mfr, as a new fiiel injection accumulated amount nafi:. 
The fiiel injection accumulated amount mfi* is used in the calculation of the oxygen storage 
amount described below. After that, in step S695, the CPU 71 temporarily ends the routine. 
Through the above-described operation, the feedback-corrected final fuel injection amount Fi 
is injected into the cylinder that is about to undergo the intake stroke. 

[0123] Next described will be calculation of the aforementioned air-fiiel ratio 
feedback correction amount DFi. The CPU71 executes the routine illustrated in FIG. 7 at 
every elapse of a predetermined time (i.e., at predetermined time intervals). Therefore, when 
a predetermined timing is reached, the CPU 71 starts the routine at step S700, and proceeds to 
step S705, in which the CPU 71 determines whether a feedback control condition is fiilfiUed. 
The air-fiiel ratio feedback control condition is fulfilled, for example, in the case where the 
engine cooling water temperature THW is higher than or equal to a first predetermined 
temperature, and where the amount of intake air (load) per rotation of the internal combustion 
engine is less than or equal to a predetennined value, and where the upstream-most air-fuel 
ratio sensor 66 is normal, and where the value of a catalyst degradation determination 
execution flag XHAN described below is "0". The catalyst degradation determination 
execution flag XHAN, when the value thereof is "1", indicates that an air-fuel ratio control of 
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forcibly changing the air-fuel ratio for the purpose of determination regarding catalyst 
degradation is being executed. When the value thereof is "0", the flag XHAN indicates that 
the air-fiiel ratio control for determination regarding catalyst degradation is not being 
executed. 

[0124] If description is continued on the assumption that the air-fuel ratio control 
condition is fulfilled, the CPU 71 makes a detennination of "YES" in step S705, and 
proceeds to step S710. In step S710, the CPU 71 computes a present upstream-side control- 
purposed air-fuel ratio abyfsl of the first catalyst 53 by converting the sum (vabyfs + vafsfb) 
of the present output vabyfs of the upstream-most air-fiiel ratio sensor 66 and a below- 
described subsidiary feedback control aniount vafsfb on the basis of the map indicated in 
FIG. 3. 

[0125] Subsequently in step S715, the CPU 71 computes a cylinder fuel supply 
Fc(k-N) provided N number of strokes (N number of intake strokes) prior to the present time 
point by dividing the cylinder intake air amount Mc(k-N), that is, the amount of air taken into 
the cylinder that underwent the intake stroke at the time of N number of strokes prior to the 
present time point, by the aforementioned upstream-side control-purposed air-fuel ratio 
abyfsl. The value N varies depending on the amount of exhaust gas from the internal 
combustion engine, the distance from the combustion chamber 25 to the upstream-most air- 
fuel ratio sensor 66, etc. 

[0126] The reason why the cylinder intake air amount Mc(k-N) provided N number 
of strokes prior to the present time point is divided by the upstream-side control-purposed air- 
fuel ratio abyfsl in order to determine the cylinder fuel supply Fc(k-N) provided N number of 
strokes prior to the present time point is that a time corresponding to N number of strokes is 
needed for the mixture burned in the combustion chamber 25 to reach the upstream-most air- 
fuel ratio sensor 66. The cylinder intake air amount Mc is computed at every intake stroke of 
each cylinder on the basis of the then-occurring output AFM of the air flow meter 61 and the 
engine rotation speed NE (for example, the amount Mc is computed by dividing a value 
obtained by performing a primary delay process on the output AFM of the air flow meter 61 
by the engine rotation speed NE), and is stored in the RAM 73 corresponding to each intake 
stroke. 

[0127] Subsequently in step S720, the CPU 71 computes a target cylinder fuel 
supply Fcr(k-N) for the time of N number of strokes prior to the present time point by 
dividing the cylinder intake air amount Mc(k~N) provided N number of strokes prior to the 
present time point by the target air-fuel ratio abyfr(k-N) provided at the time point of N 
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number of strokes prior to the present time point (stoichiometric air-fuel ratio stoich on this 
side). Then, in step S725, the CPU 71 sets the value obtained by subtracting the cylinder fuel 
supply Fc(k-N) from the target cylinder fuel supply Fcr(k-N), as a cylinder ftiel supply 
deviation DFc. That is, the cylinder fuel supply deviation DFc indicates the excess or 
shortfall of fuel resulting from the supply of fuel into the cylinder at the time point of N 
number of strokes before. Subsequently in step S730, the CPU 71 computes an air-^fuel ratio 
feedback correction amount DFi as in mathematical expression 1 1 . 
[Expression 11] DFi = (Gp x DFc + Gi ^ SDFc) ^ KFB 

[0128] In mathematical expression 11, Gp is a pre-set proportional gain, and Gi is a 
pre-set integral gain. Furthermore, in mathematical expression 11, although the factor KFB is 
preferably variable depending on the engine rotation speed NE, the cylinder intake air amount 
Mc, etc., the factor KFB is set at "1" in this embodiment. Still further, the value SDFc is an 
integrated value of the cylinder fuel supply deviation DFc, and is updated in step S735. That 
is, in step S735, the CPU 71 adds the cylinder fuel supply deviation DFc determined in step 
S725 to the present integrated value SDFc of the cylinder fuel supply deviation DFc, thereby 
determining a new integrated value SDFc of the cylinder fuel supply deviation. Subsequently 
in step S795, the CPU 7 1 temporarily ends the routine. 

[0129] Thus, the air-fiiel ratio feedback correction amount DFi is determined by a 
proportional-plus-integral control. Since the air-fuel ratio feedback correction amount DFi is 
reflected in the fuel injection amount in step S610 and step S615 in FIG. 6, the excess or 
shortfall of fuel supply occurring N number of strokes prior to the present time point, and the 
mean value of air- fuel ratio is made substantially equal to the target air-fuel ratio abyfr. 

[0130] If it is determined in step S705 that the air-fuel ratio feedback control 
condition is not fulfilled, the CPU 71 makes a determination of "NO" in step S705, and 
proceeds to step S740. In step S740, the CPU 71 sets the value of air-fuel ratio feedback 
correction amount DFi at "0". Subsequently in step S795, th6 CPU 71 temporarily ends the 
routine. Thus, in the case where the air-fuel ratio feedback control condition is not fulfilled 
(including a case where the catalyst degradation determination is being executed), the CPU 
71 sets the air-fuel ratio feedback correction amount DFi at "0", and avoids correction of the 
air-fuel ratio (basic fuel injection amount Fbase). 

[0131] Next described will be an air-fuel ratio feedback control based on the output 
Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 67. This control is also 
referred to as "subsidiary feedback control". By the subsidiary feedback control, a subsidiary 
feedback control amount vafsfb is calculated. 
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[0132] In order to determine the subsidiary feedback control amount vafsfb, the 
CPU 71 executes a routine illustrated in FIG, 8 at every elapse of a predetermined time. 
Therefore, when a predetermined tiining is reached, the CPU 71 starts the routine at step 
S800, and proceeds to step S805, in which the CPU 71 determines whether a subsidiary 
feedback control condition is fulfilled. The subsidiary feedback control condition is fulfilled, 
for example, in a case where the engine cooling water temperature THW is higher than or 
equal to a second predetermined temperature that is higher than the first predetermined 
temperature, and where the downstream-of-first catalyst air-fuel ratio sensor 67 is normal, in 
addition to fulfillment of the feedback control condition in step S705. 

[0133] If description is continued on the assumption that the subsidiary feedback 
control condition is fulfilled, the CPU 71 makes a determination of "YES" in step S805, and 
proceeds to step S810, In step S810, the CPU 71 computes an output deviation DVoxs by 
subtracting the present output Voxsl of the downstream-of-first catalyst air-fizel ratio sensor 
67 from a predetermined target value Voxsref . The target value Voxsref is determined so that 
the emissions control efficiency of the first catalyst 53 becomes good (optimal). In this . 
embodiment, the target value Voxsref is set at a value corresponding to the stoichiometric air- 
fuel ratio. Subsequently in step SB 15, the CPU 71 computes a subsidiary feedback control 
amount vafsfb as in mathematical expression 12. 

[Expression 12] vafsfb = Kp DVoxs + Ki x SDVoxs 

[0134] In mathematical expression 12, Kp is a pre-set proportional gain, and Ki is a 
pre-set integral gain. Furthermore, the value SDVoxs is an integrated value of output 
deviation DVoxs, and is updated in step S820. That is, in step S820, the CPU 71 adds the 
output deviation DVoxs determined in step S810 to the present integrated value SDVoxs of 
the output deviation, thereby determining a new integrated value SDVoxs of the output 
deviation. Subsequently in step S895, the CPU 71 temporarily ends the routine. 

[0135] Thus, the subsidiary feedback control amount vafsfb is determined. This 
value is added to an actual output of the upstream-most air-fuel ratio sensor 66 in step 87 10 
in FIG. 7, and the sum (vabyfs + vafsfb) is converted into the upstream-side control-purposed 
air-fuel ratio abyfsl on the basis of the rnap indicated in FIG. 3. That is, the upstream-side 
control-purposed air-fuel ratio abyfsl determined on the basis of the output Voxsl of the 
downstream-of-first catalyst air-fuel ratio sensor 67 is determined as an air-fuel ratio that 
differs from the air-fuel ratio actually detected by the upstream-most air-fuel ratio sensor 66, 
by an amount corresponding to the subsidiary feedback control arnount vafsfb. 
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[0136] As a result, since the cylinder fuel supply Fc(k-N) calculated in step S715 in 
FIG. 7 changes in accordance with the output Voxsl of the downstream-of-first catalyst air- 
fuel ratio sensor 67, the air-fiiel ratio feedback correction amount DFi is changed in 
accordance with the output Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 67 
in steps S725 and S730. Thus, the engine air-fuel ratio is controlled so that the air-fiiel ratio 
of gas downstream of the first catalyst 53 becomes equal to the target value Voxsref. 

[0137] For example, if the output Voxsl of the downstream-of-first catalyst air-fuel 
ratio sensor 67 indicates a value corresponding to an air-fuel ratio that is lean of tihe 
stoichiometric air-fuel ratio as an average air-fuel ratio that is on the lean side of the 
stoichiometric air-fuel ratio, the output deviation DVoxs deterniined in step S810 is a positive 
value, and therefore the subsidiary feedback control amount vafsfb becomes a positive value. 
Therefore, the upstream-side control-puiposed air-fiiel ratio abyfsl determined in step S710 
is determined as a value that is lean of (greater than) the air-fuel ratio actually detected by the 
upstream-most air-fuel ratio sensor 66. Hence, the cylinder fuel supply Fc(k-N) determined 
in step S715 becomes a small value, and the cylinder fiiel supply deviation DFc is determined 
as a great value. Therefore, the air-fuel ratio feedback correction amount DFi becomes a 
great positive value. Therefore, the final fuel injection amount Fi determined in step S610 in 
FIG. 6 becomes greater than the basic fuel injection amount Fbase, and a control is performed 
so that the engine air-fuel ratio becomes rich of the stoichiometric air-fuel ratio, 

[0138] Conversely, if the output Voxsl of the downstream-of-first catalyst air-fiiel 
ratio sensor 67 indicates a value corresponding to an air-fiiel ratio that is rich of the 
stoichiometric air-ftjel ratio as an average engine air-fuel ratio that is on the rich side of the 
stoichiometric air-fuel ratio, the output deviation DVoxs determined in step S810 is a 
negative value, and therefore the subsidiary feedback control amount vafsfb becomes a 
negative value. Therefore, the upstream-side control-purposed air-fiiel ratio abyfs 1 
determined in step S710 is determined as a value that is rich of (less than) the air-fuel ratio 
actually detected by the upstream-most air-fuel ratio sensor 66. Hence, the cylinder fuel 
supply Fc(k-N) determined in step S715 becomes a great value, and the cylinder fuel supply 
deviation DFc is determined as a negative value. Therefore, the air-fiiel ratio feedback 
correction amount DFi becomes a negative value. Therefore, the final fiiel injection amount 
Fi determined in step S610 in FIG. 6 becomes less than the basic fuel injection amount Fbase, 
and a control is performed so that the engine air-fiiel ratio becomes lean of the stoichiometric 
air-fuel ratio. 



36 

[0139] Thus, a control is performed so that the air-fuel ratio of gas downstream of 
the first catalyst 53 becomes very close to the stoichiomehic air-fuel ratio. Therefore, 
ewissions are continuously lessened even in a case where the first and second catalysts 53, 54 
have degraded and the maximum oxygen storage amount CSCmax and the maximum oxygen 
storage amount CUFmax have decreased. 

[0140] If it is determined in step S805 that the subsidiary feedback control 
condition is not fulfilled, the CPU 71 makes a determination of "NO" in step S805, and 
proceeds to step S825. In step S825, the CPU 71 sets the value of subsidiary feedback 
control amount vafsfb at "0'\ Subsequently in step S895, the CPU 71 temporarily ends the 
routine. Thus, in the case where the subsidiary feedback control condition is not fulfilled 
(including a case where an air-fuel ratio switching control is being executed), the CPU 71 sets 
the subsidiary feedback control amount vafsfb at "0", and avoids correction of the air-fiiel 
ratio feedback correction amount Dpi (upstream-side control-purposed air-fiiel ratio abyfsl) 
based on the output Voxsl of the downstream-of-first catalyst air-fiiel ratio sensor 67. The 
ordinary air-fuel ratio control is executed in the above-described manner. 

[0141] (Air-Fuel Ratio Control for Determination Regarding Catalyst Degradation) 

[0142] Next described will be an air-fuel ratio control for determination regarding 
catalyst degradation. The CPU 7 1 executes each of the routines illustrated by the flowcharts 
of FIG. 9 to FIG. 15 at every elapse of a predetermined time. 

[0143] When a predetermined timing is reached, the CPU 71 starts the routine in 
step S9()0 in FIG. 9, and proceeds to step 8905^ in which the CPU 71 detemiines whether the 
value of the catalyst degradation determination execution flag XHAN is "0". If description is 
continued on the assumption that the air-fuel ratio control for determination regarding 
catalyst degradation is not being executed, and that a catalyst degradation determining 
condition is not fulfilled, the value of the catalyst degradation determination execution flag 
XHAN is "0". Therefore, the CPU 71 makes a determination of "YES" in step S905, and 
proceeds to step S910, in which the CPU 71 sets the value of the factor K used in step S610 
in FIG. 6 at 1.00. 

[0144] Subsequently in step S915, the CPU 71 determines whether the catalyst 
degradation determining condition is fulfilled. The catalyst degradation determining 
condition is ftilfiUed in the case where the cooling water temperature THW is higher than or 
equal to a predetermined temperature, and where the vehicle speed acquired via a vehicle 
speed sensor (not shown) is higher than or equal to a predetermined vehicle speed, and where 
the internal combustion engine is in a steady operation with the per-unit^^time amount of 
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change in the throttle valve opening TA being less than or equal to a predetermined amount. 
It is also possible to add to the catalyst degradation determining condition, any one or two or 
more of a condition that a predetemiined time has elapsed following the previous catalyst 
degradation detemiination, a condition that the vehicle has traveled at least a predetermined 
distance following the previous catalyst degradation determination, and a condition that the 
internal combustion engine 10 has been operated for at least a predetermined time following 
the previous catalyst degradation determination. At the present stage, the catalyst 
degradation determining condition is not fulfilled as mentioned above. Therefore, the CPU 
71 niakes a determination of "NO" in step S915, and proceeds to step S995, in which the 
CPU 71 temporarily ends the routine. 

[0145] Description will be further continued on the assumption that the catalyst 
degradation determining condition is fulfilled although the air-fuel ratio control for 
determination regarding catalyst degradation is not performed at the present time point as in 
the case of the time point tl in FIG. 5. In this case, the CPU 71 makes a determination of 
"YES" in step S905, and proceeds to step S910, in which the CPU 71 sets the value of the 
factor K at LOO. Subsequently in step S915, the CPU 71 makes a determination of "YES'' 
since the catalyst degradation determining condition is fulfilled. Subsequently in step S920, 
the CPU 71 sets the value of the catalyst degradation determination execution flag XHAN to 

[0146] Subsequently in step S925, the CPU 71 sets the value of Mode at "1" in 
order to enter the first mode. Subsequently in step S930, the CPU 71 sets the value of the 
factor K at 0.98. Then, in step S995, the CPU 71 temporarily ends the routine. As a result, 
the aforementioned air-fiiel ratio feedback control condition becomes unfiilfilled. Therefore, 
the CPU 71 makes a determination of "NO" in step S705 in FIG. 7, and proceeds to step 
S740, in which the air-ftiel ratio feedback correction amount DFi is set at "0". As a result, 
due to execution of step S610 in FIG. 6, the value obtained by multiplying basic fuel injection 
amount Fbase by 0.98 is computed as a final fuel injection amount Fi. Since the thus- 
determined final fuel injection amount Fi is injected, the internal combustion engine air-fiiel 
ratio is controlled to the first lean air-fiiel ratio that is lean of the stoichiometric air-fuel ratio. 

[0147] After that, the CPU 71 repeatedly executes the processing of the routine of 
FIG. 9 starting at step S900. However, since the value of the catalyst degradation 
determination execution flag XHAN is 'U", the CPU 71 makes a determination of "NO" in 
step S905, and immediately proceeds to step S995, in which the CPU 71 temporarily ends the 
routine. 
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[0148] In the mean time, the CPU 7 1 executes a first mode control routine 
illustrated in FIG. 10 at every elapse of a predetermined time. Therefore, when a 
predetermined timing is reached, the CPU 71 starts the routine at step SIOOO, and proceeds to 
step SI 005, in which the CPU 71 determines whether the value of Mode "1". Since in this 
case, the value of Mode has been set at "1" in step S925 in FIG. 9, the CPU 71 makes a 
determination of "YES" in step S1005, and proceeds to step SIOIO. In step SlOlO, the CPU 
71 determines whether the output Voxsl of the downstream-of-first catalyst air-fuel ratio 
sensor has changed from a value indicating an air-fuel ratio rich of the stoichiometric air-fuel 
ratio to a value indicating an air-fuel ratio lean of the stoichiometric air-fuel ratio. Since at 
the present time point, the internal combustion engine air-fuel ratio has just been changed to 
the first lean air-fiiel ratio, the output Voxsl of the downstream-of-first catalyst air-fuel ratio 
sensor indicates an air-fuel ratio rich of the stoichiometric air-fiiel ratio. Therefore, the CPU 
71 makes a determination of "NO" in step SIOIG, and proceeds to step S1095, in which the 
CPU 7 1 temporarily ends the routine. 

[0149] After that, the CPU 71 repeatedly executes steps SIOOO to SlOlO in FIG. 10. 
Since the air-fuel ratio is kept at the first lean air-fuel ratio, the downstream-of-first catalyst 
air-fuel ratio sensor output Voxsl changes from the rich air-fuel ratio-indicating value to a 
lean air-fuel ratio-indicating value at the elapse of a predetermined time, as in the case of the 
time point t2 in FIG. 5. Therefore, when the CPU 71 proceeds to step SlOlO, the CPU 71 
makes a determination of "YES". Then, the CPU 71 proceeds to step S1015, in which the 
CPU 71 stores the value of output vabyf of the upstream-most air-fuel ratio sensor 66 
occurring at the present time point into the variable Vabyf sL. Subsequently in step SI 020, 
the CPU 71 sets the value of Mode at "2" so as to enter the second mode. Subsequently in 
step SI 025, the CPU 71 computes and sets a value of the factor K on the basis of the below- 
described maximum oxygen storage amount Cmaxall of the entire catalyst device estimated 
in the previous catalyst degradation determination operation and a table indicated in the box 
of step S1025 in FIG. 10. Subsequently in step S1095, the CPU 71 temporarily ends the 
routine. 

[0150] Therefore, the factor K is changed in accordance with the value of maximum 
oxygen storage amount Cmaxall of the entire catalyst device. That is, the factor K is set 
(relatively small) so as to approach 0.98 (i.e., the value of the factor K for achieving the first 
lean air-fuel ratio) as the value of maximum oxygen storage amount Cmaxall increases, and 
is set (relatively great) so as to approach 1.00 (i.e., the value of the factor K for achieving the 
stoichiometric air-fuel ratio) as the value of maxinium oxygen storage amount Cmaxall 
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decreases. That is, in step S1025, the factor K is set at an arbitrary value that is greater than 
0.98 and is less than 1 .00 in accordance with the value of the maximum oxygen storage 
amount Cmaxall of the entire catalyst device. 

[0151] Therefore, due to the execution of step S6 10 in FIG. 6, the value obtained by 
multiplying the basic fiiel injection amount Fbase by the factor K is calculated as a final fuel 
injection amount Fi. Since this final fuel injection amount Fi is injected, the internal 
combustion engine air-fuel ratio is controlled to the second lean air-fuel ratio that is lean of 
the stoichiometric air-ftiel ratio and rich of the first lean air-fuel ratio, and that is changed in 
accordance with the value of the maximum oxygen storage amount Cmaxall of the entire 
catalyst device (approaches the stoichiometric air-fuel ratio as the maximum oxygen storage 
amount Cmaxall decreases). 

[0152] When the second mode (Mode - 2) is entered, the CPU 71 executes a 
similar mode control. Then, the CPU 71 sequentially changes the mode from the third mode 
to the fourth, fifth and sixth modes, and executes a control corresponding to each mode. 
Briefly, in the second mode whose routine is illustrated by a flowchart of FIG. 11, after 
starting in step SI 100, in step SI 105, the CPU 71 determines whether the value of Mode is 
"2'\ If the value of Mode is "2", the process proceeds from step SI 105 to step Sll 10. In 
step S I 1 10, the CPU 71 monitors whether the output Voxs2 of the downstream-of-second 
catalyst air-fuel ratio sensor 68 has changed fi'om a value indicating an air-fuel ratio that is 
rich of the stoichiometric air-fuel ratio to a value indicating an air-fuel ratio that is lean of the 
stoichiometric air-fuel ratio. 

[0153] If the output Voxs2 of the downstream-of-second catalyst air-fuel ratio 
sensor 68 changes from a value indicating an air-fuel ratio rich of the stoichiometric air-fuel 
ratio to a value indicating an air-fuel ratio lean of the stoichiometric air-fuel ratio as indicated 
at the time point t3 in FIG. 5, the CPU 71 proceeds to step SI 1 15, in which the CPU 71 sets 
the value of Mode at "3" so as to enter the third mode. Subsequently in step SI 120, the CPU 
71 sets the value of the factor K at 1.02. As a result, the internal combustion engine air-fiiel 
ratio is controlled to the first rich air-fuel ratio that is rich of the stoichiometric air-fuel ratio. 
The routine ends in step S 1 195. 

[0154] Similarly, in the third mode whose routine is illustrated by the flowchart of 
FIG. 12, after starting in step SI 200, the CPU 71 determines in step SI 205 whether the value 
of Mode is "3". If the value of Mode is '*3", the CPU 71 proceeds from step SI 205 to step 
S1210. In step SI 210, the CPU 71 monitors whether the output Voxsl of the downstream-of- 
first catalyst air- fuel ratio sensor 67 has changed from a value indicating an air-fuel ratio that 
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is lean of the stoichiometric air-fuel ratio to a value indicating an air-fuel ratio that is rich of 
the stoichiometric air-fuel ratio. 

[0155] If the output Voxsl of the downstream-of-first catalyst air-foel ratio sensor 
67 changes from a value indicating an air-fiiel ratio lean of the stoichiometric air-fiiel ratio to 
a value indicating an air-fuel ratio rich of the stoichiometric air-fuel ratio as indicated at the 
time point t4 in FIG. 5, the CPU 71 proceeds from step S1210 to step S1215. In step S1215, 
the CPU 71 stores the present value of output vabyfs of the upstream-most air-fuel ratio 
sensor 66 into the variable VabyfsR. Subsequently in step SI 220, the CPU 71 sets the value 
of Mode at "4'' so as to enter the fourth mode. Subsequently in step S 1225, the CPU 7 1 
calculates and sets a value of the factor K on the basis of the below-described maximum 
oxygen storage amount Cniaxall of the entire catalyst device estimated during the previous 
catalyst degradation deternunation and a table indicated in the box of step SI 225 in FIG. 12. 
Subsequently in step S 1295, the CPU 71 temporarily ends the routine. 

[0156] Therefore, the factor K is changed in accordance with the value of maximum 
oxygen storage amount Cmaxall of the entire catalyst device. That is, the factor K is set 
(relatively great) so as to approach 1.02 (i.e., the value of the factor K for achieving the first 
rich air-fuel ratio) as the value of maximum oxygen storage amount Cmaxall increases, and is 
set (relatively small) so as to approach 1.00 (i.e.» the value of the factor K for achieving the 
stoichiometric air-fuel ratio) as the value of maximum oxygen storage amount Cmaxall 
decreases. That is, in step SI 225, the factor K is set at an arbitrary value that is' greater than 
1.00 and is less than 1.02 in accordance with the value of the maximum oxygen storage 
amount Cmaxall of the entire catalyst device. As a result^ the internal combustion engine air- 
ftiel ratio is controlled to the second rich air-fuel ratio that is rich of the stoichiometric and 
lean of the first rich air-fuel ratio, and that is changed in accordance with the value of the 
maximum oxygen storage amount Cmaxall of the entire catalyst device (approaches the 
stoichiometric air- fuel ratio as the maximum oxygen storage amount Cmaxall decreases). 

[0157] Similarly, in the fourth mode whose routine is illustrated by the flowchart of 
FIG. 13, after starting in step S1300, the CPU 71 determines in step S1305 whether the value 
of Mode is *'4'\ If the value of Mode is M", the CPU 71 proceeds from step SI 305 to step 
S1310. In step S1310, the CPU 71 monitors whether the output Voxs2 of the downstream-of- 
second catalyst air-fuel ratio sensor 68 has changed from a value indicating an air-fuel ratio 
that is lean of the stoichiometric air-fiiel ratio to a value indicating an air-fuel ratio that is rich 
of the stoichiometric air-fuel ratio. 
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[0158] If the output Voxs2 of the downstream-of-second catalyst air-fuel ratio 
sensor 68 changes from a value indicating an air-fuel ratio lean of the stoichiometric air-fuel 
ratio to a value indicating an air-fuel ratio rich of the stoichiometric air-fiiel ratio as indicated 
at the time point t5 in FIG. 5, the CPU 71 proceeds from step S1310 to step S1315, In step 
S 13 15, the CPU 71 sets the value of Mode at "5" so as to enter the fifth mode. Subsequently 
in step S 1320, the CPU 71 sets the value of the factor K at 0.98. As a result, the internal 
cornbustion engine air-fuel ratio is controlled to the first lean air-fuel ratio. The routine ends 
instepS1395. 

[0159] Similarly, in the fifth mode whose routine is illustrated by the flowchart of 
FIG. 14, after starting in step S1400, the CPU 71 determines in step S1405 whether the value 
of Mode is "5". If the value of Mode is "5'\ the CPU 71 proceeds from step S1405 to step 
S1410. In step S1410, the CPU 71 monitors whether the output Voxsl of the downstream-of- 
first catalyst air-fuel ratio sensor 67 has changed from a value indicating an air-fiiel ratio that 
is rich of the stoichiometric air-fiiel ratio to a value indicating an air-fuel ratio that is lean of 
the stoichiometric air-fiiel ratio. 

[0160] If the output Voxsl of the downstream-of-first catalyst air-fuel ratio sensor 
67 changes from a value indicating an air-fuel ratio rich of the stoichiometric air-fiiel ratio to 
a value indicating an air- fuel ratio lean of the stoichiometric air-fuel ratio as indicated at the 
time point t6 in FIG. 5, the CPU 71 proceeds from step S1410 to step S1415. In step S1415, 
the CPU 71 sets the value of Mode at "6" so as to enter the sixth mode. Subsequently in step 
S1420, the CPU 71 calculates and sets a value of the factor K (0.98 < K < 1.00) on the basis 
of the below-described maximum oxygen storage amount Cmaxall of the entire catalyst 
device estimated during the previous catalyst degradation determination and a tzible indicated 
in the box of step S1420 that is the same as the aforementioned table indicated in the box of 
step 51 025. As a result, the internal combustion engine air-ftiel ratio is controlled to the 
second lean air-fuel ratio. The routine ends in step S1495. 

[0161] Similarly, in the sixth mode whose routine is illustrated by the flowchart of 
FIG. 15, after starting in step S1500, the CPU 71 deternunes in step S1505 whether the value 
of Mode is "6*'. If the value of Mode is "6", the CPU 71 proceeds from step S1505 to step 
S1510. In step S1510, the CPU 71 monitors whether the output Voxs2 of the downstream-of- 
second catalyst air-fiiel ratio sensor 68 has changed from a value indicating an air-fiiel ratio 
that is rich of the stoichiometric air-fuel ratio to a value indicating an air-fuel ratio that is lean 
of the stoichiometric air-fuel ratio. 
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[0162] If the output Voxs2 of the downstream-of-second catalyst air-fuel ratio 
sensor 68 changes from a value indicating an air-fuel ratio rich of the stoichiometric air-fuel 
ratio to a value indicating an air-fuel ratio lean of the stoichiometric air-fuel ratio as indicated 
at the time point t7 in FIG. 5, the CPU 71 proceeds from step S1510 to step S1515. In step 
S1515, the CPU 71 sets the value of Mode at "0". Subsequently in step S1520, the CPU 71 
sets the value of the catalyst degradation determination execution flag XHAN at "0". Then, 
in step SI 595, the CPU 71 temporarily ends the routine. Therefore, when executing the 
routine of FIG. 9, the CPU 71 makes a determination of "YES" at step S905, and proceeds to 
step S910. Thus, the value of the factor K is returned to 1.00. Furthermore, if the other air- 
fuel ratio feedback control condition and the other subsidiary feedback control condition are 
fulfilled, the CPU 71 makes a determination of "YES" at step S705 and step S805, so that the 
air-fuel ratio feedback control and the subsidiary feedback control are started again. 

[0163] As described above, if the catalyst degradation determining condition is 
fulfilled, the internal combustion engine air-fuel ratio is forcibly controlled to the first lean 
air-fuel ratio that is constant, the second lean air-fuel ratio that changes in accordance with 
the value of the maximum oxygen storage amount Cmaxall of the entire catalyst device 
estimated during the previous catalyst degradation determination operation (approaches the 
stoichiometric air-fuel ratio as the maximum oxygen storage amount Cniaxall decreases), the 
first rich air-fuel ratio that is constant, the second rich air-fiiel ratio that changes in 
accordance with the value of the maximum oxygen storage amount Cmaxall of the entire 
catalyst device estimated during the previous catalyst degradation determination operation 
(approaches the stoichiometric air-fuel ratio as the maximum oxygen storage amount 
Cmaxall decreases), the first lean air-fuel ratio, and the second lean air-fiiel ratio, in that 
order. 

[0164] (Estimation of Oxygen Storage Amount, Determination Regarding 
Abnormality of Upstream-Most Air-Fuel Ratio Sensor, Catalyst Degradation Determination) 

[0165] Next described will be operations for estimation of a maximum oxygen 
storage amount for determination regarding catalyst degradation, determination regarding 
abnormality of the upstream-most air-fuel ratio sensor 66, and determination regarding 
catalyst degradation based on the estimated maximumi oxygen storage amount. The CPU 71 
executes routines illustrated by the flowcharts of FIGS. 16 and 17 at every elapse of a 
predetermined time. 

[0166] Therefore, when a predetermined timing is reached, the CPU 71 starts 
processing at step SI 600 in FIG. 16, and proceeds to step SI 605, in which the CPU 71 
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computes an amount of change A02 in the oxygen storage amount as in rnatheniatical 
expression 13. 

[Expression 13] A02 = 0.23 >^ mfr ^ (abyfs - stoich) 

[0167] Subsequently in step S 1610, the CPU 71 determines whether the value of 
Mode is "3". If the value of Mode is "3", the CPU 71 makes a determination of "YES" at 
step S1610, and proceeds to step S1615. In step S1615, the CPU 71 sets the value obtained 
by adding the absolute value of the amount of change A02 in oxygen storage amount to the 
present value of the oxygen storage ^ount OS A3 of the third mode as a new oxygen storage 
aniount 0SA3. Then, the CPU 71 proceeds to step S1650. The reason for adding the 
absolute value of the amount of change A02 in oxygen storage amount is that mathematical 
expression 13 provides a negative value of the amount of change A02 in oxygen storage 
amount of the third mode, as is apparent from comparison between mathematical expression 
13 and mathematical expression 1. 

[0168] This process (step SI 600 to step S 1615) is repeatedly executed as long as 
the value of Mode is "'3". As a result, during the third mode (Mode = 3) where the air-fuel 
ratio of gas upstream of the first catalyst 53 is set at the first rich air-fuel ratio, the oxygen 
storage amount OS A3 of the first catalyst 53 is calculated. If the CPU 71 makes a 
deteraiination of "NO" at step S 1610, the CPU 71 immediately proceeds from step S 1610 to 
steps 1620. 

[0169] If the CPU 71 proceeds to step S1620, the CPU 71 determines whether the 
value of Mode is "4". If the value of Mode is "4", the CPU 71 makes a determination of 
"YES" in step S1620, and proceeds to step S1625. In step S1625, the CPU 71 sets the value 
obtained by adding the absolute value of the amount of change A02 in oxygen storage 
amount to the present oxygen storage amount OSA4 of the fourth mqde as a new oxygen 
storage amount 0SA4. Then, the CPU 71 proceeds to step S1650. The reason for adding the 
absolute value of the amount of change A02 in oxygen storage amount is that mathematical 
expression 13 provides a negative value of the amount of change A02 in the oxygen storage 
amount of the fourth mode as is apparent from comparison between mathematical expression 
13 and mathematical expression 3. 

[0170] The above-described process (steps S1600, 1605, 1610, 1620, 1625) is 
repeatedly executed as long as the value of Mode is "4", As a result, the oxygen storage 
amount OS A4 of the second catalyst 54 is calculated in the fourth mode (Mode = 4) where 
the air-fiiel ratio of gas upstream of the first catalyst 53 is set at the second rich air-fuel ratio. 
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If the CPU 7 1 makes a determination of "NO" in step S 1620, the CPU 71 inunediately 
proceeds from step S 1 620 to step S 1 630. 

[0171] Similarly, if the CPU 7 1 proceeds to step S 1630, the CPU 7 1 determines 
whether the value of Mode is *'5". If the value of Mode is "5", the CPU proceeds to step 
S1635. In step SI 635, the CPU 71 sets the value obtained by adding the amount of change 
A02 in oxygen storage amount to the present oxygen storage amount OS A5 of the fifth niode 
as a new oxygen storage amount OSA5. Then, the CPU 71 proceeds to step SI 650. 

[0172] The above-described process (steps S1600, 1605, 1610, 1620, 1630, 1635) is 
repeatedly executed as long as the value of Mode is **5'\ As a result, the oxygen storage 
amount OSA5 of the first catalyst 53 is calculated in the fifth mode (Mode = 5) where the air- 
fuel ratio of gas upstream of the first catalyst 53 is set at the first lean air-fiiel ratio. If the 
CPU 71 makes a determination of "NO" in step SI 630, the CPU 71 inunediately proceeds 
from step S1630 to step S1640. 

[0173] Siinilarly, if the CPU 71 proceeds to step S1640, the CPU 71 determines 
whether the value of Mode is "6*\ If the value of Mode is "6", the CPU proceeds to step 
S1645. hi step S1645, the CPU 71 sets the value obtained by adding the amount of change 
A02 in oxygen storage, amount to the present oxygen storage amount OSA6 of the sixth 
mode as a new oxygen storage amount OSA6. Then, the CPU 71 proceeds to step S1650. 

[0174] The above-described process (steps S1600, 1605, 1610, 1620, 1630, 1640, 
1645) is repeatedly executed as long as the value of Mode is "6*'. As a result, the oxygen 
storage amount OSA6 of the second catalyst 54 is calculated in the sixth mode (Mode - 6) 
where the air-fiiel ratio of gas upstream of the first catalyst 53 is set at the second lean air-fuel 
ratio. If the CPU 71 makes a determination of "NO'' in step S1640, the CPU 71 immediately 
proceeds from step S 1640 to step S 1650. 

[0175] When the CPU 71 proceeds to step SI 650, the CPU 71 sets the total amount 
mfr of the fuel injection amount Fi at "0" in step S1650. Subsequently in step S1695, the 
CPU 71 temporarily ends the routine. 

[0176] Furthermore, the CPU 71 executes a routine for determination regarding 
abnormality of the upstream-most air-fuel ratio sensor 66 and determination regarding 
catalyst degradation at every elapse of a predetermined time. Therefore, when a 
predetennined timing is reached, the CPU 71 starts processing at step S1700, and proceeds to 
step S1702, in which the CPU 71 determines whether the value of the catalyst degradation 
determination execution flag XHAN has changed from "1" to ''0". If at this time, the sixth 
mode ends and the value of the catalyst degradation determination execution flag XHAN is 
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changed to "0" in step S1520 in FIG: 15, the CPU 71 makes a determination of "YES" in step 
S1702, and proceeds to step S1704. Conversely, if the value of the catalyst degradation 
determination execution flag XHAN has not changed, the CPU 71 inimediately proceeds 
from step S 1702 to step S1795, in which the CPU 71 temporarily ends the routine. 

[0177] If it is assumed that the sixth mode has just ended, the value of the catalyst 
degradation determination execution flag XHAN has just been changed from "1" to "0", and 
therefore, the CPU 7 1 proceeds from step S 1702 to step S 1704, in which the present oxygen 
storage amounts OSA3, OSA4, OSA5, OSA6 are stored as maximum oxygen storage 
amounts CSCmax3 (the first maximum oxygen storage amount of the first catalyst), 
CUFmax4 (the fixst maximum oxygen storage amount of the second catalyst), CSCmaxS (the 
second maximum oxygen storage amount of the first catalyst), and CUFmax6 (the second 
maximum oxygen storage amount of the second catalyst). 

[0178] Subsequently in step SI 706, on the basis of the value of variable VabyfsL, 
the value of variable VabyfsR, and mathematical expression 9 (mathematical expression 
shown in the box of step S1706), the CPU 71 determines whether the ratio ((vabyfsL - 
vabyfsR)/dvref) of the value of deviation (vabyfsL - vabyfsR) to the value of deviation dvref 
is less than a criterion a for determination regarding degradation of the upstream-most air- 
fuel ratio sensor. If the ratio ((vabyfsL - vabyfsR)/dvref) is less than the upstream-most air- 
fuel ratio sensor degradation criterion a, the CPU 71 proceeds to step SI 708 and sets the 
value of an upstream-most air-fuel ratio sensor abnormality determination result flag XSENR 
at '"V\ thereby indicating that the upstream-most air-fuel ratio sensor 66 is abnormal 
(degraded). It is to be noted herein that step SI 706 functions as an upstream-of-catalyst air- 
fuel ratio sensor abnormality detecting means. 

[0179] Conversely, if it is determined in step S 1706 that the ratio ((vabyfsL - 
vabyfsR)/dvref) is greater than or equal to the upstream-most air-fuel ratio sensor degradation 
criterion a, the CPU 71 proceeds to step S1710. In step S 17 10, the CPU 71 sets the value of 
the upstream-most air-fiiel ratio sensor abnormality flag XSENR to **0", thereby indicating 
that the upstream-most air-fuel ratio sensor 66 is normal (not degraded). 

[0180] Subsequently in step S 17 12, the CPU 71 stores a mean value of the 
maximum oxygen storage suiiount CSCmax3 and the maximum oxygen storage amount 
CSCmax5 as a mean maximum oxygen storage amount CSCmax of the first catalyst 53. 

[0181] Subsequently in step S1714, the CPU 71 determines whether the mean 
maximum oxygen storage amount CSCmax is less than or equal to the first catalyst 
degradation criterion CSCRave. If the mean inaximum oxygen storage amount CSCmax is 
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less than or equal to the first catalyst degradation criterion CSCRave, the CPU 71 proceeds to 
step S 17 16, in which the CPU 71 determines whether the value of the upstream-most air-fuel 
ratio sensor abnormality flag XSENR is "0". 

[0182] If it is determined in step S 17 16 that the value of the upstream-most air-fuel 
ratio sensor abnormality flag XSENR is "0", the CPU 71 sets the value of a first catalyst 
degradation determination result flag XSCR to "1" in step S1718, thereby indicating that the 
first catalyst 53 has degraded. Conversely, if it is determined in step S 1716 that the value of 
the upstreani-most air-fuel ratio sensor abnormality flag XSENR is not "0" (i.e., if the value 
is "1"), the CPU 71 sets the value of the first catalyst degradation determination result flag 
XSCR at "2" in step S1720, thereby indicating that detennination regarding degradation of 
the first catalyst 53 has not been made. 

[0183] If it is detemained in step S 17 14 that the mean maximum oxygen storage 
amount CSCmax is greater than the first catalyst degradation criterion CSCRave, the CPU 71 
sets the value of the first catalyst degradation determination result flag XSCR at "0'\ thereby 
indicating that the first catalyst 53 has not degraded. 

[0184] In this manner, if the mean maximuni oxygen storage amount CSCmax is 
less than or equal to the first catalyst degradation criterion CSCRave (i.e., if the first catalyst 
53 is in a state where it should be determined that the first catalyst 53 has degraded), the CPU 
71 determines that the first catalyst 53 has degraded provided that no abnormality of the 
upstream-most air-fiiel ratio sensor 66 is detected. If an abnormality of the upstream-most 
air-fuel ratio sensor 66 has been detected in that case, the CPU 71 avoids determining that the 
first catalyst 53 has degraded. If the mean maximum oxygen storage amount CSCmax is 
greater than the first catalyst degradation criterion CSCRave (i.e., if the first catalyst 53 is in 
a state where it should be determined that the first catalyst 53 has not degraded), the CPU 71 
determines that the first catalyst 53 has not degraded, regardless of whether an abnormality of 
the upstream-most air-fuel ratio sensor 66 has been detected. 

[0185] Subsequently, the CPU 7 1 proceeds to step S 1 724, in which the CPU 7 1 
stores the mean value of the maximum oxygen storage amount CUFmax4 and the maximum 
oxygen storage amount CUFmax6 as a mean maximum oxygen storage amount CUFmax of 
the second catalyst 54. Subsequently in step SI 726, the CPU 71 determines whether the 
mean maximum oxygen storage amount CUFmax is less than or equal to the second catalyst 
degradation criterion CUFRave. If the mean maximum oxygen storage amount CUFmax is 
less than or equal to the second catalyst degradation criterion CUFRave, the CPU 71 
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proceeds to step SI 728, in which the CPU 71 determines whether the value of the upstream- 
most air-fuel ratio sensor abnormality flag XSENR is "0", 

[0186] If it is determined in step S 1728 that the value of the upstream-most air-fuel 
ratio sensor abnormality flag XSENR is "0*\ the CPU 71 sets the value of a second catalyst 
degradation determination result flag XUFR at "1" in step S1730, thereby indicating that the 
second catalyst 54 has degraded. Conversely, if it is determined in step S 1728 that the value 
of the upstream-most air-fuel ratio sensor abnormality determination result flag XSENR is 
not "0" (i.e., if the value is "1"), the CPU 71 sets the value of the second catalyst degradation 
determination result flag XUFR at "2" in step S1732, thereby indicating that the 
deteniiination regarding degradation of the second catalyst 54 has not been performed, 

[0187] If it is determined in step SI 726 that the mean maximum oxygen storage 
amount CUFmax is greater than the second catalyst degradation criterion CUFRave, the CPU 
71 sets the value of the second catalyst degradation determination result flag XUFR at "0" in 
step SI 734, thereby indicating that the second catalyst 54 has not degraded. 

[0188] In this manner, if the mean maximum oxygen storage amount CUFmax is 
less than or equal to the second catalyst degradation criterion CUFRave (if the second 
catalyst 54 is a state where it should be determined that the second catalyst 54 has degraded), 
the CPU 71 determines that the second catalyst 54 has degraded provided that no abnormality 
of the upstream-most air-fuel ratio sensor 66 is detected. If an abnormality of the upstream- 
most air-fuel ratio sensor 66 has been detected in that case, the CPU 71 avoids determining 
that the second catalyst 54 has degraded. If the mean maximum oxygen storage amount 
CUFmax is greater than the second catalyst degradation criterion CUFRave (i.e., if the 
second catalyst 54 is in a state where it should be determined that the second catalyst 54 has 
not degraded), the CPU 71 determines that the second catalyst 54 has not degraded, 
regardless of whether an abnormality of the upstream-most air-fiiel ratio sensor 66 has been 
detected: 

[0189] Subsequently, the CPU 71 proceeds to step S1736, in which the CPU 71 
determines whether the sum of the mean maximum oxygen storage amount CSCmax, that is, 
a value regarding the maximum oxygen storage amount of the first catalyst 53, and the mean 
maximum oxygen storage amount CUFmax, that is, a value regarding the maximum oxygen 
storage amount of the second catalyst 54, is less than or equal to the entire catalyst 
degradation criterion CRave. If the aforementioned sum is less than or equal to the entire 
catalyst degradation criterion CRave, the CPU 71 proceeds to step S1738, in which the CPU 
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71 determines whether the value of the upstream-most air-fuel ratio sensor abnormality 
determination result flag XSENR is "0". 

[0190] If it is determined in step S1738 that the value of the upstream-most air-fuel 
ratio sensor abnormality determination result flag XSENR is "0", the CPU 71 sets the value 
of an entire catalyst degradation determination result flag XALLR at "1" in step S1740, 
thereby indicating that the combination of the first catalyst 53 and the second catalyst 54 has 
degraded as a whole. Conversely, if it is determined in step S1738 that the value of the 
upstream-most air-fuel ratio sensor abnormality determination result flag XSENR is not "0" 
(i.e., if the value is "1"), the CPU 71 sets the value of the entire catalyst degradation 
determination result flag XALLR at "2" in step SI 742, thereby indicating that determination 
regarding degradation of the first catalyst 53 and the second catalyst 54 combined has not 
been performed, 

[0191] Conversely, if it is determined in step SI 736 that the aforementioned sum is 
greater than the entire catalyst degradation criterion CRave, the CPU 71 sets the value of the 
entire catalyst degradation determination result flag XALLR at *'0" in step SI 744, thereby 
indicating that the entire device of the first catalyst 53 and the second catalyst 54 has not 
degraded. 

[0192] In this manner, if the aforementioned sum is less than or equal to the entire 
catalyst degradation criterion CRave (i.e., if the first catalyst 53 and the second catalyst 54 
are in a state where it should be determined that the entire device of the first and second 
catalysts 53, 54 has degraded), the CPU 71 determines that the entire device of the first 
catalyst 53 and the second catalyst 54 has degraded provided that no abnormality of the 
upstream-most air-fuel ratio sensor 66 has been detected. If an abnormality of the upstream- 
most air-fuel ratio sensor 66 has been detected, the CPU 71 avoids determining that the entire 
device of the first and second catalysts 53, 54 has degraded. If the aforementioned sum is 
greater than the entire catalyst degradation criterion CRave (i.e., if the first catalyst 53 and the 
second catalyst 54 are in a state where it should be determined that the entire device of the 
first and second catalysts 53, 54 has not degraded), the CPU 71 determines that the first 
catalyst 53 and the second catalyst 54 have not degraded as a whole, regardless of whether an 
abnormality of the upstream-most air-ftiel ratio sensor 66 has been detected. 

[0193] Subsequendy, the CPU 71 proceeds to step SI 746, in which the CPU 71 sets 
all the values of the oxygen storage amounts OSA3, OSA4, OSA5, OSA6 at "0". 
Subsequently in step S1748, the CPU 71 stores the sum of the mean maximum oxygen 
storage aniount SCSmax and the mean maximum oxygen storage amount CUFmax as a 



, 49 

maximum oxygen storage amount Cmaxall of the entire catalyst device into the backup RAM 
74. Subsequently in step S 1795, the CPU 71 temporarily ends the routine. 

[0194] As described above, according to the catalyst degradation determining 
method of the catalyst degradation determining apparatus of the invention, the downstream- 
of-first catalyst air-fuel ratio sensor 67 and the downstream-of-second catalyst air-fuel ratio 
sensor 68 are disposed downstream of the first catalyst 53 and the second catalyst 54, 
respectively. Therefore, it is possible to reliably detect the time when the amount of oxygen 
stored in either one of the catalysts reaches "0" or the maximum oxygen storage amount. As 
a result, the maximum oxygen storage amount CSCmax of the first catalyst 53 and the 
maximum oxygen storage amount CUFniax of the second catalyst 54 can be determined with 
good precision. Therefore, it is possible to determine whether the first catalyst 53 has 
degraded and whether the second catalyst 54 has degraded, separately, with good precision. 
The first catalyst 53 and the second catalyst 54 can be viewed as a single catalyst device. The 
method allows determination as to whether the entire catalyst device has degraded. 

[0195] During execution of the determination regarding catalyst degradation, the 
second lean air-fuel ratio is changed in accordance with the value of the entire catalyst 
oxygen storage amount Cmaxall estimated during the previous determination regarding 
catalyst degradation, and is set so as to always equal an air-fuel ratio that is near the upper 
limit value of the window range of the catalyst device occurring at the present time (see time 
t2 to t3, and time t6 to t7 in FIG. 5), 

[0196] The reason for setting the second lean air-fuel ratio at an air-fiiel ratio that is 
near the present upper limit value of the window range of the catalyst device is as follows. 
That is, when the output Voxs2 of the downstream-of-second catalyst air-fiiel ratio sensor 68 
changes from a value indicating an air-fuel ratio rich of the stoichiometric air-fuel ratio to a 
value indicating an air-fuel ratio lean of the stoichiometric air-fuel ratio (see time points t3, t7 
in FIG. 5) as a mixture of the second lean air-fuel ratio flows into the first and second 
catalysts 53, 54, the gas of the second lean air-fuel ratio fills a space defined by the catalysts 
53, 54 and the exhaust passages 51, 52 extending from the exhaust port 34 of the engine 10 to 
the downstream-of-second catalyst air-fuel ratio sensor 68. At that time, the oxygen storage 
amounts of the first and second catalysts 53, 54 have reached the maximum oxygen storage 
amounts CSCmax, CUFmax. Therefore, the oxygen storing functions of the first and second 
catalysts 53, 54 are not effective, so that nitrogen oxides NOx are likely to be emitted. 

[0197] Therefore, if the second lean air-fuel ratio is a lean air-fuel ratio that is 
considerably higher than the upper limit value of the window range of the catalyst device, a 
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large amount of nitrogen oxides NOx will be contained in the gas contained in the 
aforementioned space. Besides, the oxygen storing functions of the first and second catalysts 
53, 54 are not effective, and the efficiency of removal of nitrogen oxides NOx based on the 
reducing functions of the first and second catalysts 53, 54 has become low. Therefore, a 
large amount of nitrogen oxides NOx will be released into the atmosphere immediately after 
the time of a lean-side switch of the output of the downstream-of-second catalyst air-fuel 
ratio sensor (see time points t3, t7 in FIG. 5). 

[0198] In contrast, if the second lean air-fuel ratio is always kept at an air-fuel ratio 
that is near the present upper limit value of the window range of the catalyst device as in the 
foregoing embodiments, the efficiency of removal of nitrogen oxides NOx based on the 
reducing function of the catalyst device immediately after the time of a lean-side switch of 
the output of the downstream-of-second catalyst air-fiiel ratio sensor is kept at or above a 
predetermined high value, and the amount of nitrogen oxides NOx emitted immediately after 
the aforementioned switch can be minimized. Furthermore, since the second lean air-fuel 
ratio is set at an air-ftiel ratio that is as remote from the stoichiometric air-fiiel ratio as 
possible, the length of time (time t2 to t3 and time t6 to t7 in FIG. 5) needed to bring the 
oxygen storage amount of the second catalyst 54 to the maximum oxygen storage amount can 
be reduced, in comparison with the case where the second lean air-fiiel ratio is pre-set at a 
lean air-fijel ratio close to the stoichiometric air-fiiel ratio. The time (tinae tl to t7 in FIG. 5) 
needed for calculation of the maximum oxygen storage amount can also be shortened. 

[0199] Still fiirther, the first lean air-fiiel ratio is set at an air-ftjel ratio that is on the 
leaner $ide of the second lean air-fi:iel ratio (an air-fiiel ratio slightly above the upper limit 
value of the window range the catalyst device in a brand-new condition) (see time tl to t2 and 
time t5 to t6 in FIG. 5). The reason for setting the first lean air-fiiel ratio at an air-fiiel ratio 
that is lean of the second lean air-fuel ratio is as follows. 

[0200] That is, during the period during which the air-fuel ratio of gas upstream of 
the first catalyst is controlled to the first lean air-fiiel ratio, the amount of oxygen stored in the 
first catalyst 53 does not reach the oxygen storage amount CSCmax prior to the end of the 
period although the oxygen storage amount increases with elapse of time. Until the end of 
the period, that is, the time point at which the output of the downstream-of-first catalyst air- 
fiiel ratio sensor 67 comes to indicate an air-ftiel ratio lean of the stoichiometric air-fiiel ratio, 
a lean air-fiiel ratio gas does not start to flow out of the first catalyst 53, and therefore, the 
oxygen storage amount of the second catalyst 54 remains at "0". 
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[0201] Therefore, even if the first lean air-fuel ratio is set at an air-fuel ratio that is 
higher by a certain amount than the upper limit value of the window range of the catalyst 
device, nitrogen oxides that flow into the first catalyst 53 are removed due to the oxygen 
storing function of the first and second catalysts 53, 54 and therefore are not emitted into the 
atmosphere during a period during which the air-fuel ratio of gas upstream of the first catalyst 
is controlled to the first lean air-fuel ratio. Therefore, if the first lean air-fiiel ratio is set at an 
air-fuel ratio that is lean of the second lean air-fiiel ratio as in the foregoing embodiments, the 
length of time (time tl to t2, and time t5 to t6 in FIG. 5) needed to bring the amount of 
oxygen stored in the first catalyst 53 to the maximum oxygen storage amount can be reduced, 
in comparison with the case where the first lean air-fuel ratio is set equal to the second lean 
air-fnel ratio. The time (time tl to t7 in FIG. 5) needed for calculation of the maximuni 
oxygen storage amount can be further shortened. 

[0202] Similarly, during an execution of the determination regarding catalyst 
degradation, the second rich air-fiiel ratio is changed in accordance with the value of the 
maximum oxygen storage amount Cmaxall of the entire catalyst estimated during the 
previous execution of the determination regarding catalyst degradation, so that the second 
rich air-fuel ratio is always at an air-fuel ratio that is close to the present lower limit value of 
the window range of the catalyst device (see time t4 to t5 in FIG. 5). 

[0203] The reason for always setting the second rich air-fiiel ratio at an air-fuel ratio 
close to the present lower limit value of the window range of the catalyst device is as follows. 
That is, when the output Voxs2 of the downstream-of-second catalyst air-fuel ratio sensor 68 
changes from a value indicating an air-fuel ratio lean of the stoichiometric air-fiiel ratio to a 
value indicating an air-fuel ratio rich of the stoichioniettic air-fiiel ratio (see time point t5 iii 
FIG. 5) as a mixture of the second rich air-fuel ratio flows into the first and second catalysts 
53, 54, the gas of the second rich air-fuel ratio fills a space defined by the catalysts 53, 54 and 
the exhaust passages 51, 52 extending from the exhaust port 34 of the engine 10 to the 
downstream-of-second catalyst air^fuel ratio sensor 68. At that time, the amounts of oxygen 
stored in the first and second catalysts 53, 54 are both "0", and therefore the oxygen releasing 
fiinctions of the first and second catalysts 53, 54 are not effective, so that unbumed 
components, such as CO, HC, etc., are likely to be emitted. 

[0204] Therefore, if the second rich air-fuel ratio is a rich air-fiiel ratio that is 
considerably lower than the lower limit value of the window range of the catalyst device, a 
large amount of CO and HC will be contained in the gas contained in the aforementioned 
space. Besides, the oxygen releasing functions of the first and second catalysts 53, 54 are not 
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effective, and the efficiency of removal of CO and HC based on the oxidizing functions of 
the first and second catalysts 53, 54 has become low. Therefore, a large amount of CO and 
HC will be released into the atmosphere immediately after the time of a rich-side switch of 
the output of the downstream-of-second catalyst air-fuel ratio sensor (see time point t5 in 
FIG. 5). 

[0205] In contrast, if the second rich air-fuel ratio is always kept at an air-fuel ratio 
that is near the present lower limit value of the window range of the catalyst device as in the 
foregoing embodiments, the efficiency of removal of CO and HC based on the oxidizing 
function of the catalyst device immediately after the time of a rich-side switch of the output 
of the downstream-of-second catalyst air-fuel ratio sensor is kept at or above a predetermined 
high efficiency value, and the amount of CO and HC emitted immediately after the 
aforementioned switch can be minimized. Furdiermore, since the second rich air-fuel ratio is 
set at an air-fiiel ratio that is as remote from the stoichioinetric air-fuel ratio as possible, the 
length of time (time t4 to t5 in FIG. 5) needed to consume the amount of oxygen stored in the 
second catalyst 54 to the level of "0" can be reduced, in comparison with the case where the 
second rich air-fuel ratio is pre-set at an air-fuel ratio close to the stoichiometric air-fuel ratio. 
The time (time tl to t7 in FIG. 5) needed for calculation of the maximum oxygen storage 
amount can also be shortened. 

[0206] Furthermore, the first rich air-fuel ratio is set at an air-fuel ratio that is on the 
richer side of the second rich air-fuel ratio (an airrfxiel ratio slightly below the lower limit 
value of the window range the catalyst device in a brand-new condition) (see time t3 to t4 in 
FIG. 5). The reason for setting the first rich air-fuel ratio at an air-fuel ratio that is rich of the 
second rich air-fuel ratio is as follows. 

[0207] That is, during the period during which the air-fuel ratio of gas upstream of 
the first catalyst is controlled to the first rich air-fuel ratio, the amount of oxygen stored in the 
first catalyst 53 does not reach "0" prior to the end of the period although the oxygen storage 
amount decreases with elapse of time. Until the end of the period, that is, the time point at 
which the output of the downstream-of-first catalyst air-fuel ratio sensor 67 comes to indicate 
an air-fuel ratio rich of the stoichiometric air-fuel ratio, a rich air-fuel ratio gas does not start 
to flow out of the first catalyst 53, and therefore, the oxygen storage amount of the second 
catalyst 54 remains at the maximum oxygen storage amount CUFmax. 

[0208] Therefore, even if the first rich air-fiiel ratio is set at an air-fuel ratio that is 
lower by a certain amount than the lower liiriit value of the window range of the catalyst 
device, CO and HC that flow into the first catalyst 53 are rernoved due to the oxygen 
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releasing functions of the first and second catalysts 53, 54 and therefore are not emitted into 
the atmosphere during a period during which the air-fuel ratio of gas upstream of the first 
catalyst is controlled to the first rich air-fuel ratio. Therefore, if the first rich air-fuel ratio is 
set at an air-fuel ratio that is on the richer side of the second rich air-fuel ratio as in the 
foregoing embodiments, the length of time (tinie t3 to t4 in FIG. 5) needed to consume the 
amount of oxygen stored in the first catalyst 53 to the level of "0" can be reduced, in 
comparison with the case where the first rich air-fuel ratio is set equal to the second rich air- 
fuel ratio. The time (time tl to t7 in FIG. 5) needed for calculation of the maximum oxygen 
storage amount can be further shortened. 

[0209] Even in a case where degradation of the upstream-most air-fuel ratio sensor 
66 has progressed and an abnormality of the upstream-most air-fiiel ratio sensor 66 has been 
detected, it is possible to determine that neither one of the first and second catalysts 53, 54 
has degraded and that the catalyst device has not degraded. As long as it is determined that 
each catalyst has not degraded, there is no need to replace the upstrearn-most air-fuel ratio 
sensor 66. Thus, the time of replacing the upstream-most air-fuel ratio sensor 66 can be 
delayed. Furthermore, as long as an abnormality of the upstream-most air-fuel ratio sensor 
66 is detected, determination that a catalyst has degraded is avoided. Thus, a false 
determination regarding degradation of each catalyst can be prevented. 

[0210] The invention is not limited to the foregoing embodiments, but may be 
modified in various manners within the scope of the invention. For exanpiple, although in the 
foregoing embodiments, the first rich air-fiiel ratio, the second rich air-fuel ratio, the first lean 
air-fuel ratio and the second lean air-fuel ratio are constant during the corresponding modes, 
the air-ftiel ratios may be variable. 

[0211] Furthermore, in the foregoing embodiments, the second lean air-fuel ratio 
and the second rich air-fuel ratio are changed in accordance with the value of the maximum 
oxygen storage amount Cmaxall of the entire catalyst estimated during the previous execution 
of the determination regarding catalyst degradation, that is, a degradation index. As for such 
a degradation index, however, it is possible to adopt the value of the maximum oxygen 
storage amount CSCmax of the first catalyst 53, the value of the maximum oxygen storage 
amount CUFmax of the second catalyst 54, or a value obtained by weighting the value of the 
maximum oxygen storage amount CSCmax of the first catalyst 53 and the value of the 
maximum oxygen storage amount CUFrnax of the second catalyst 54 in a predetermined 
weighting fashion, and summing the weighted values, so that the second lean air-fuel ratio 
and the second rich air-fuel ratio may be changed in accordance with such. an index value. 
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[0212] For example, if the value of the maximum oxygen storage amount CUFmax 
of the second catalyst 54 is adopted as a degradation index, it is possible to set the second 
lean air-fuel ratio at an air-fuel ratio close to the present upper liroit value of the window 
range of the second catalyst 54, the window range narrowing in accordance with the degree 
of degradation of the second catalyst 54, and set the second rich air-fuel ratio at an air-fuel 
ratio close to the present lower limit value of the window range of the second catalyst 54, and 
set the first lean air-fuel ratio at an air-fuel ratio slightly above the upper limit value of the 
window range of the second catalyst 54 in a brand new condition, and set the first rich air- 
fiiel ratio at an air-fuel ratio slightly below the lower limit value of the window range of the 
second catalyst 54 in the brand new condition. 

[0213] Still further, in the foregoing embodiments, the second lean air-fiiel ratio and 
the second rich air-fuel ratio may be changed on the basis of a value that changes in 
accordance with the temperature of the first catalyst 53 acquired by first catalyst temperature 
acquisition means (not shown) for acquiring the temperature of the first catalyst 53 and/or the . 
temperature of the second catalyst 54 acquired by second catalyst temperature acquisition 
means (not shown) for acquiring the temperature of the second catalyst 54. 

[0214] Although in the foregoing embodiments, the maximum oxygen storage 
amounts CSCmax, CUFmax of the first and second catalysts 53, 54 are estimated oil the basis 
of the value of the output vabyfs of the upstreain-most air-fuel ratio sensor 66, the maximum 
oxygen storage amounts CSCmax, CUFmax may be estimated on the basis of the value of a 
known upstream-of-first catalyst air-fuel ratio that is constant during each mode if an 
abnormality of the upstream-most air-fuel ratio sensor 66 has been detected. Specifically, for 
example, during the third mode (time t3 to t4) in FIG. 5, the upstream-of-first catalyst air-fuel 
ratio is the constant first rich air-fuel ratio (stoich/1.02). Therefore, the maximum oxygen 
storage amount CSCmax3 during the third mode may be determined as in 0.23 ^ ImfrS 
(stoich - abyfRl) ^ At3 based on the aforementioned mathematical expressions 1 and 2, 
where At3 is the length of time t3 to t4; abyfRl is the first rich air-fiiel ratio; and mfr3 is the 
amount of fuel supplied per unit time during the third mode, 

[0215] In the foregoing embodiments, if the catalyst degradation determining 
condition is fulfilled, the upstream-of-first catalyst air-fuel ratio is set at the first lean air-fuel 
ratio regardless of the then-occurring output Voxsl of the downstream-of-first catalyst air- 
fuel ratio sensor and the then^occurring output Voxs2 of the downstream-of-second catalyst 
air-fuel ratio sensor. However, in order to lessen emissions, it is preferable that the upstream- 
of-first catalyst air-fuel ratio initially set for estimation of the oxygen storage amount be 
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variably set in accordance with the output Voxsl of the downstream-of-first catalyst air-fuel 
ratio sensor and the output Voxs2 of the downstream-of-second catalyst air-fuel ratio sensor 
that occur at the time of fulfillment of the catalyst degradation determining condition. 

[0216] More specifically, if both the downstream-of-first catalyst air-fuel ratio 
sensor output Voxsl and the downstream-of-second catalyst air-fuel ratio sensor output 
Voxs2 indicate rich air-fuel ratios when the catalyst degradation determining condition is 
fulfilled, the control of the upstream-of-first catalyst air-fuel ratio is started in the first mode. 
That is, the upstream-of-first catalyst air-fuel ratio is set at the first lean air-fuel ratio. 

[0217] If the ddwnstream-of-first catalyst air-fiiel ratio sensor output Voxs 1 
indicates a lean air-fuel ratio and the downstreani-of-^second catalyst air-fuel ratio sensor 
output Voxs2 indicates a rich air-fiiel ratio at the time of fulfillment of the catalyst 
degradation determining condition, the control is started in the second mode in which the 
upstream-of-first catalyst air-fiiel ratio is set at the second lean air-fuel ratio. 

[0218] If both the downstream-of-first catalyst air-fuel ratio sensor output Voxsl 
and the downstream-of-second catalyst air-fuel ratio sensor output Voxs2 indicate lean air- 
fuel ratios at the time of fulfillment of the catalyst degradation determining condition, the 
control is started in the third mode in which the upstream-pf-first catalyst air-fuel ratio is set 
at the first rich air-fuel ratio. In this case, the maximum oxygen storage amounts estimated 
during the initial third pfiode and the subsequent fourth mode are not accurate, and therefore 
should preferably not be used for determination regarding catalyst degradation. In a 
preferable method, the sequence of the third mode and the fourth mode is performed again 
after the end of the sixth mode in order to measure the maximum oxygen storage amounts in 
the third and fourth modes, and the thus-measured maximum oxygen storage amounts are 
used for determination regarding catalyst degradation. In this case, the maximum oxygen 
storage amount of the first catalyst 53 acquired in the initial fifth mode corresponds to a first 
catalyst's first maximum oxygen storage amount; the maximum oxygen storage amount of 
the second catalyst 54 acquired in the following fifth mode corresponds to a second catalyst's 
first maximum oxygen storage amount; the maximum oxygen storage amount of the first 
catalyst 53 acquired in the following third mode corresponds to a first catalyst's second 
maximum oxygen storage amount; and the maximum oxygen storage amount of the second 
catalyst 54 acquired in the following fourth mode corresponds to a second catalyst's second 
maximum oxygen storage amount. 

[0219] Then, it may be determined whether the first catalyst 53 has degraded on the 
basis of the first catalyst's first maximum oxygen storage amount and the first catalyst's 
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second maximum oxygen storage amount (e.g., on the basis of a mean value of the two 
amounts), and it may be determined whether the second catalyst 54 has degraded on the basis 
of the second catalyst's first maximum oxygen storage amount and the second catalyst's 
second maximum oxygen storage amount (e.g., on the basis of a mean value of the two 
amounts). It is also possible to detennine whether a catalyst device of the first catalyst 53 
and the second catalyst 54 combined has degraded on the basis of the aforementioned four 
maximum oxygen storage amounts (e.g., on the basis of a mean value thereof). 

[0220] If the downstream-of-first catalyst air-fiiel ratio sensor output Voxsl 
indicates a rich air-fuel ratio and the downstream-of-second catalyst air-fuel ratio sensor 
output Voxs2 indicates a lean air-fuel ratio at the time of fulfillment of the catalyst 
degradation determining condition, the control is started in the fourth mode in which the 
upstream-of-first catalyst air-fuel ratio is set at the second rich air-fuel ratio. In this case, the 
oxygen storage aniounts estimated in the initial fourth mode are not accurate. Therefore, a 
construction is provided for avoiding the use of these oxygen storage amounts for 
determination regarding catalyst degradation. It is preferable to provide a construction in 
which the third and fourth modes are performed after execution of the fifth and sixth modes, 
and these maximum oxygen storage amounts estimated in the third and fourth modes are used 
for determination regarding catalyst degradation. In this case (where the downstream-of-first 
catalyst air-fuel ratio sensor output Voxsl indicates a rich air-fuel ratio and the downstream- 
of-second catalyst air-fuel ratio sensor output Voxs2 indicates a lean air-fiiel ratio at the time 
of fulfillment of the catalyst degradation determining condition), it is also possible to adopt a 
construction in which the control is started with the first rich air-fuel ratio, and the fifth, sixth, 
third and fourth modes are sequentially performed to determine maximum oxygen storage 
amounts, starting at the time point of a switch of the downstream-of-second catalyst air-fuel 
ratio sensor output Voxs2 from a lean air-fiiel ratio-indicating value to a rich air-fiiel ratio- 
indicating value. 

[0221] While the invention has beeii described with reference to preferred 
embodiments thereof, it is to be understood that the invention is not limited to the preferred 
embodiments or constructions. To the contrary, the invention is intended to cover various 
modifications and equivalent arrangements. In addition, while the various elements of the 
preferred embodiments are shown in various combinations and configurations, 'which are 
exemplary, other combinations and configiirations, including more, less or only a single 
element, are also within the spirit and scope of the invention. 



